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THE OXYGEN CONTENT OF ARTERIAL BLOOD IN DOGS 
BREATHING AIR AT LOW BAROMETRIC PRESSURES 
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It lias been observed repeated^ in this laboratory that dogs are quite resistant 
to anoxia resulting from exjjosure to low barometric pressure. They remain 
active and conscious during consid- Table periods of exposure to pressures at 
which men quickly become unconscious. Obviously dogs either remain con- 
scious in spite of a low arterial oxygen saturation or they compensate more 
completely for low tensions of o-xj-^gen in insphed air and maintain a higher oxygen 
saturation of the blood than does man. To distinguish between these possi- 
bilities a series of dogs were exposed to low barometric pressures in a decompres- 
sion chamber and the oxygen saturation of the blood determined. 

Methods. Unanesthetized healthy dogs breathing air were used. Blood 
samples were drawn at ground level and at altitudes between 5000 and 35,000 
feet from the femoral arterj" into syringes coated with paraffin oil. Heparin was 
the anticoagulant. Duplicate analyses of each sample of whole blood for 
oxygen and carbon dioxide were made according to the manometric method of 
Van Slyke and Neill (11). The oxygen capacity was estimated in blood equili- 
brated with atmospheric air in a tonometer in a water bath at 20°C. All estima- 
tions were corrected to exclude oxygen in phj'sical solution (8). 

The dogs were decompressed at a simulated rate of ascent of 3000 feet per 
minute in large well ventilated decompression chambers. Barometric pressure 
was measured with a mercury manometer and is reported as simulated altitude 
(hereafter referred to simply as altitude) according the the U. S. Standard 
Atmosphere Table. In about a third of the experiments two samples of blood 
were drawn from each dog, one at ground level (750 ft.) immediately before 
ascent and the other at altitude. In the other experiments blood was drawn 
only at altitude. The interval at maximum altitude before blood was taken 
varied from 16 to 49 minutes. 

Results. Thirteen estimations of the oj^'gen saturation and carbon dioxide 

> Present address; Department of Anatomy, University of Minnesota. 

• Present address; Presbyterian Hospital of the City of Chicago. 
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content of arterial blood drawn from seven dogs at ground level were made 
(table 1). The oxj-gen saturation ranged from 86 to 99 percent, the average 
being 95.26 percent. In ten of the thirteen estimations the oxygen saturation 
was 95 percent or more. One sample was 86 percent saturated, the other 
two between 90 and 95 percent. 

The carbon dioxide content of whole blood in volumes percent varied from 25 
to 47 with an average of 35.47. Two thirds of the estimations were between 31 
and 40. 

Twenty-nine samples of blood were collected from eight dogs breathing air at 
altitudes between 5000 to 35,000 feet (table 2). Most of the points on the curve 
in figure 1 are an average of three to five determinations made on blood from at 
least two dogs. At both 18,500 and 28,000 feet two samples of blood were 
collected. 

TABLE 1 


Oxygen and carbon dioxide content of arterial blood of dogs at ground level {750 feel) 


ANIMAL NUMBER 

1 

OjHb CONTENT 

<• 

OAIb CAPACITV 

SATURATION OF 
HEMOGLOBIN 

CO; CONTENT 

HEMATOCRIT 


Vol. % 

VoL % 

% 

Vol. % 

% cells 

1 

13.46 

13.69 

, 98.31 

34.59 

33 

1 

13.74 

14.31 

96.01 


35 

1 

14.55 

15.17 

95.91 

31.34 

38 

1 

15. S4 

16.29 

97.24 

29.98 

40 

2 

19.96 

23.13 

86.29 

46.83 

46 

2 

18.46 

19.52 

94.57 

33.96 

1 45 

3 

21.38 

23.54 

90.82 

39.64 

56 

4 

23.00 

23.33 

98.59 

36.56 

55 

4 i 

21.97 

23.07 

95.24 

31.83 

56 

5 

16.83 

17.50 

96.17 

43.89 

47 

6 

13.99 

15.53 

90.08 

35.78 


6 

15.80 

15.90 

99.37 

36.30 

44 

7 

19.94 

19.97 

99.85 

24.95 

53 


The extent of variation in the saturation at each altitude is shown in figure 1. 
At 35,000 feet one dog, number 7, had a saturation markedty greater than those 
of the other four animals at that altitude. This one estimation raised the 
average of the group of five anhnals above the greatest saturation among the 
other four. The average saturation excluding this exceptional value was 20.22 
percent. Circumstance made it impossible to draw another sample of blood at 
this same altitude from dog 7. 

A straight line appears to be the best fit to the average saturations at altitudes 
between 5000 and 35,000 feet (fig. 1). Except at 20,000 feet the average of the 
determinations does not vary from corresponding points on the smoothed curve 
by more than 4 percent. A greater number of determinations, at the several 
altitudes is, of course, desirable but it does not appear that additional estimations 
would make a major change in the curve. 

At altitudes above 20,000 feet the carbon dioxide content of arterial blood fell 
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rapidly (table 2). BeWeen 5000 and 20,000 feet the carbon dioxide content was 
higher than at ground level. The ground level determinations were lower than 
those Stewart (10) reported for dogs. Since our samples at ground level were 
drawn while the animals were breathing rapidly in the excitement of being placed 
upon the operating table, hyperventilation may be responsible for the apparently 
low carbon dioxide content. 

At altitudes below 35,000 feet there was never any question of the dogs not 
being conscious. Even at 30,000 feet, where the arterial oxygen saturation was 
29.5 percent, the dogs were able to walk, reacted to light and sound, and tensed 
.when the arterial puncture was made. After 21 to 30 minutes at 35,000 feet 
four of the animals were likewise conscious although the blood of one animal was 


ARTERIAL Og SATURARONS AT VARIOUS ALTITUDES 



Fig. 1. Arterial 0: saturations at various altitudes. 


only 15 percent saturated. Two of the animals walked about the chamber, 
two Mete unable to walk but retained a measure of co-ordination in posture. 
All four lifted and turned their heads toward noise, reacted ivhen the lights were 
turned off and on, or vinked at a hand waved toward their eyes. Thus although 
these animals were extremely anoxemic and exhibited marked impairment of 
musculai co-ordination, it was our opinion that they were not unconscious. 

Dog number 2 at 35,000 feet was clearly unconscious. Five minutes after 
reacliing 35,000 feet he was incontinent of urine. The body was quite relaxed 
and moving him onto the operating table elicited no reaction. He did not 
respond to sound, light or to the arterial puncture. The arterial oxygen satura- 
tion of this animal was 21 .S per cent. 

Discussion. Stewart (10) reported the arterial oxygen saturation of a large 
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group of unanesthetized dogs as ranging betu'een 92 to 95 percent with the 
greatest number between 92 and 93 percent. If no correction were made for 
the amount of oxygen in physical solution these percents should be raised some- 


TABLE 2 


Oxygen and carbon dioxide content of arterial blood of dogs exposed to 
reduced barotnetric pressure 


ANIMAL 

NUMBER 

SmULATED 

ALTITUDE 

TIME AT 
ALTITUDE 

O.Hb 

CONTENT 


feel 

tninules 

Vets. % 

3 

5,000 

42 

17.04 

S 


27 

17.55 

2 


34 

15.59 

2 

10,000 

24 

15.55 

3 


32 

15.99 

8 


42 

16.34 

2 

15,000 

35 

13.03 

3 


39 

10.81 

1 


20 

15.76 

4 

18,500 

17 

14.71 

5 


16 

9.83 

S 

20,000 

26 

9.23 

3 


43 

7.53 

3 


19 

9.21 

2 


26 

10.61 

3 


19 

8.52 

4 

25,000 

49 

13.31 

2 


30 

8.68 




8.21 

1 

28,000 

28 

7.56 

2 


21 

7.31 

1 

30,000 

25 

3.65 

6 


22 

4.70 

2 


23 

7.38 

7 

35,000 

29 

8.55 

6 


21 

3.24 

1 


22 

2.38 

8 


30 

5.08 

2 


24 

4.84 


0 ,Hb 

CAFAcrrY 

% SAim\TION 
HEMOGLOBIN 

CO - 

CONTENT 

HEMATOCRIT 

I ' ol . % 

% 

Vol.% 

% CEW.S 

19.48 

87.47 

44.79 

46.5 

19.79 

88.68 

39.25 

46.0 

18.10 

86.13 

35.27 

40.0 

18.83 

82.58 

42.48 

49.0 

19.97 

80.07 

39.25 

50.0 

20.44 

79.94 

36.27 

49.0 

19.67 

66.24 

36.36 

48.0 

18.66 

57.88 

40.73 

46.0 

21.66 

72.76 

32.36 

48.0 

23.30 

63.13 

32.70 i 

55.0 

15.95 

61.63 

36.60 

46.0 

20.02 

46.10 

35.97 

45.5 

19.02 

39.59 

37.05 i 

45.0 

19.33 

47.65 

33.46 

50.0 

19.69 

53.88 

34.53 

! 46.0 

20.52 

41.52 

38.53 

50.0 

25.09 

53.05 

21.57 

59.5 

21.05 

41.23 

36.90 

46.0 

19.97 

41.11 

38.42 


20.71 

36.50 

22.80 

49.0 

20.52 

35.62 

31.56 

51.0 

13.60 

26.84 

13.08 

38.5 

15.72 

29.90 

24.30 

43.0 

23.23 

31.77 

24.31 

55.0 

20.12 

42.50 

9.86 

51.5 

15.73 

20.60 

15.12 

46.5 

15.81 

15.05 

3.58 

39.0 

21.66 

23.45 

17.17 

54.0 

22.20 

21.80 

16.37 

54.0 


what. Even so the saturation would still be lower than that found in the 
present stud 3 L Using a spectrophotometric procedure Drabkin and Sclunidt (2) 
reported that blood collected at the end of an inspiration was 98.5 jjercent 
saturated. Two samples collected at the end of expiration were 95.5 and 96.6 
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percent saturated. Recently Roughton et al. (9) have shown that there are 
several sources of error in the usual Van Slyke procedure by which the arterial 
oxygen saturation is low by about 2 percent. If this correction is applied to 
our determinations the value of 97 percent is similar to that reported by Drabkin 
and Schmidt for dogs and to the value of 97 to 98 percent saturation which is now 
considered to be the correct value for human blood (2) (9) . 

Opitz and Tilman (7) made a few estimations of the oxygen content of blood 
drawn from anesthetized dogs at simulated altitude.. Above 20,000 feet their 
average saturations were 5 to 14 percent higher than the values determined in the 
present work. Since the blood was apparently drami immediately on reaching 
an altitude the arterial oxygen tension may not have reached equilibrhun. 

Gray (3) has compiled from several sources the oxj’^gen saturation of arterial 
blood of men at altitudes up to 22,000 feet. The smoothed curve is reproduced 
in figure 1. In comparison with these data for man, the arterial oxygen satura- 
tion of dogs is from 9 to 10 percent lower. Hemingway (4) found a saturation 
of 56.6 percent at the moment when the subjects stopped writing at 35,000 feet. 

Man has an increasingly shorter period of consciousness above 20,000 feet. 
At 25,000 feet the period of useful consciousness is about five minutes and 
decreases to about seventy- five seconds at 35,000 feet (1) (5) (4) (6). In most 
•of these investigations the end point was the moment when the subject stopped 
writing. Armstrong’s (1) subjects lapsed into coma after six minutes at 25,000 
feet and one minute at 35,000 feet. In contrast to these observations, dogs still 
were conscious after exposures for from 19 to 49 minutes at altitudes between 
20,000 and 35,000 feet. Thus although anoxemia is more severe in dogs than in 
man at comparable altitudes, the dog is more resistant to the effect of anoxemia 
and retains consciousness for longer intervals. 

SUMMARY 

1. The oxygen and carbon dioxide content of thirteen samples of arterial 
blood from seven dogs at ground level and of twenty-nine samples drawn from 
eight dogs after 16 to 49 minutes at simulated altitudes from 5000 to 35,000 
feet was measured. 

2. The average arterial oxygen at ground level (750 ft.) was 95.26 percent. 
The average saturation decreased from 87.43 percent at 5000 feet to 24.68 per 
cent at 35,000 feet. The carbon dioxide content of whole blood fell from 39.77 
volumes percent at 5000 feet to 12.42 volumes percent at 35,000 feet. 

3. Four of the five dogs at 35,000 feet were judged to be conscious at the time 
blood samples were drawn; one dog was unconscious. 

4. The arterial oxygen saturation and length of consciousness are compared in 
dogs and in man. Dogs retain consciousness for much longer intervals than 
does man even though the arterial oxygen saturation of dogs is 9 to 16 percent 
lower t.han that of man at altitudes between 5000 and 22,000 feet. 
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Results derived from experiments carried out mainly on small animals during 
the early part of the rvar have recentty been reported (Pertzoff and Britton, 
1945, 1946-, Britton ef al, 1946). More particular inquin,- into circulatory, 
cerebral and other changes brought about b}’’ high accelerations has been made 
in the past three years and may now be discussed. It demands no keen insight 
to t'isualize the need for more intimate knowledge of functional disturbances 
referable to acceleratory and deceleratory forces, with the present and immedi- 
ate!}’' anticipated developments in aerial travel. While high velocity motion 
at uniform speed and direction does not give us physiological concern, bodily 
changes induced by starting and stopping the physical machinery (perhaps some- 
what suddenly now and then) , or changing the direction of movement, may be 
of no small calilrer. 

Appar.atus .and methods. The greater part of our work was carried out on 
a centrifuge with 20-foot Iveavy steel revolving beam, tapered and fitted at the 
end (of each 10-foot arm) for carriage of apparatus. Animal holdens were 
attached to the rotors, sometimes inside a low pressure chamber, and mano- 
meters for blood pressure and blood flow, movie camera and lights, terminal 
boxes, etc., were fixed in various positions on the centrifuge. A counter-weight 
was used on one arm when one animal only (on the opposite arm) was rmder 
exposure. Electrical leads for E.C.G., E.E.G., blood pressure, timing, etc., 
passed back along the centrifuge arm, through concentric rotating meremy pools 
(“slip-rings”) with platinum or copper dip-contacts, and overhead through heavy 
iron conduits to receudng and amplifying instruments in a separate observation 
cage. A. pipe-line to the pressure chambei-s on the centrifuge for air evacuation 
or compression and gas supply passed through a central slip-connection. The 
character of the experiments demanded great care to avoid electrical and other 
artifacts and enable optimal detection of minute electropotential changes during 
centrifugation. Concrete and steel barricades and various electrical devices 
were employed for personnel safety. 

The centrifuge was powered by a 75-h.p., 250 v. D.C. vertical motor with 
direct drive, capable of developing 120 r.p.m. Current was provided by a 100 
h.p. line-starter or motor-generator set, 220 v., 3-phase, 60-cycIe; it was housed 
in a separate building 50 feet from the experimental laboratory, to avoid electrical 
interference during tests. Controls were located in good view of the centrifuge 

• The vrork described in this paper was done under a contract, recommended bv the 
Committee on iMedical Research, between the Office of Scientific Research and Development 
and the University of Virginia. 



8 


BRITTOK, PERTZOFF, FRENCH AND KLINE 

and adjacent to the main recording instruments. Although accelerations up to 
6 or 8 g were generally used, 25 or 50 g (up to 120 r.p.m. at 10 ft. radius) could he 
developed in two or three seconds. 

For the determination of most of the arterial pressure readings a mercury 
manometric system which recorded electrically was devised, somewhat similar 
to that used by Jongbloed and Xoyons (1933). A 50-micron-diameter platinum 
wire passed through and was fixed in a 1.5 mm.-bore graduated glass tube con- 
taining the mercurj^ column ; it was then connected, through a pair of mercury 
slip-rings at the center of the centrifuge, to a modified d’Arsonval-bridge built 
around a micro-ammeter. Pressures were transmitted to the mercury column 
via the small reservoir at its base through a T-cannula of largest size suitable 
for the arterj' (usually between 16-20 gauge), inserted into the blood vessel at 
its proximal portion towards the heart. The instrument, it may be noted, posr 
sessed two significant electrical elements — the mercur^^ column with practically 
infinite conductance, and the platinum wire with relatively high resistance. 
Changes in the mercuiy height were determined bj’' changes in electrical resis- 
tance, indicated by the bridge-tj^pe meter. The mercurj' column, placed at 
a right angle to the direction of the acceleration, was found quite stable in con- 
trol tests. By calibration of the meter readings with those secured from the 
ordinary U-tube manometer, values were ascertained in millimeters of Hg (1 
mm. = c.0.2 ohm). This method, while not ideal, proved highlj’- sensitive and 
gave fairly reliable results even under the severe conditions imposed by high 
forces. In later experiments in which arterial pressure was studied, the mercury 
manometer readings were photographed by "movie” camera during centrifuga- 
tion. Measurements of blood pressure were made by both closed and open 
vessel methods. 

Comparison of arterial pressure levels under acceleratory exposure was made 
with pressure readings derived from a hydrodjmamic model. The latter con- 
sisted of two 150 cc. Ehrlenmeyer flasks, 30 inches apart (about the length of the 
animals used), to each of which was attached at the base about 10 in. glass tubing 
of 3.0 mm. bore; the ends of the latter were connected by about 6 in. glass tubing 
of 0.5 mm. bore, to provide a simple capillaiy resistance. The closed system was 
filled to about two-thirds Avith water under pressure of 120 mm. Hg. A 20-gauge 
needle, connected with the electricallj’^-recording manometer, was inserted into 
the rubber tubing at one or the other end of the system. Such a mechanical 
model, it was thought, might give further insight into arterial pressure changes 
produced in an animal subjected to centrifugal forces. 

For recording aiterial blood flow in animals during centrifugation, a flow-meter 
based on the Venturi principle, somewhat similar to that described by Wagoner 
and Livingston (1928), was constructed. Tests ivere made with models of differ- 
ent shapes and sizes before one Avas eA'entualW adopted. The instrument used 
AA'as essentially a nearly-circular tube AA-ith ends beloAv to connect AAUth the arteiy, 
and a central constriction aboA'e, streamlined as much as possible to prevent 
eddies in flow ; tAvo outlets aboA-e, one placed as near as possible to the constric- 
tion, Avere connected to a graduated, inA'erted U-tulie containing phA’siological 
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saline solution stained black. When blood passed through the flo^Y-meter, pres- 
sure ivas built up proximally due to the constriction, and a difference in levels 
in the graduated manometric tubes was set up; this difference reflected and was 
proportional to the rate of blood flow. The differen ce in levels was usually photo- 
graphed (16 mm. movie film, 8 frames per sec.), or sometimes read directly. 
Calibration was made by checking the instrument with whole or defibrinated ox 
blood at a vide range of flows and pressures. The device was readily responsive 
and showed only a small time lag. It was relatively insensitive to slight vibra- 
tions and rugged enough for use on the centrifuge. 

Experiments. Most of the experiments were performed on monkeys 
{Macaciis rhesus), dogs and a few cats; they were usually not anesthetized, since 
it Avas clear that only slight discomfort A\'as involAmd. After a feiv trials, dogs and 
monkeys became Avell accustomed to the setting-up procedures on the centrifuge; 
the light strapping necessary for stabilization, and application of external leads 
for E.C.G., E.E.G. and respiration, provoked little disturbance. Animals AA^ere 
frequently quiet throughout most of the tests. AVhile slight movement did not 
vitiate the records (E.E.G. , etc.) derived from an animal, vigorous strugghng 
Avas of course disturbing and shoAA'ed on all tracings. In those instances in AA'hich 
minor surgical manipulations AA^ere necessary, ether or sometimes amytal and a 
local anesthetic Avere given; from 30-60 min. AA'ere then alloAA’ed for recovery be- 
fore tests AA'ere made. Carotid, brachial and femoral arteries AA'ere commonly 
used, and heparin AA'as necessary. 

B}’’ far the largest group of experiments (over 80 per cent) AA'ere non-lethal, 
requiring mainly skin electrodes for securing brain, heart and respiratory data. 
It AA’as striking that animals gb'en perhaps 50-100 exposures of 5-20 sec. each 
(sometimes 5-10 min. exposures AA'ere made) at 1-6 g over a 3 or 4 hour period, 
once every 10-15 days, siu'A'ived indefinitely in good condition. During a series 
of runs, rest intervals of 1-5 min. AA'ere alloAA’ed, according to the seA''erit3' of the 
exposures. Parts of tj^iical runs are sIioaa'D in figure 1. Further technical 
details haA'e been reported (Britton cl al., 1946). 

Results. Heart rate. An animal under positive g forces displa 3 'ed quick 
acceleration of heart rate. This sensitu'c reaction shoAA'ed AA'ithin narroAA' limits 
a proportionality to (a) intensit 3 ' and (b) time of application of force. Figure 2 
illustrates the cardiac response of the monke3' to forces up to 6 g gh'en oA'er a 
period of 50 sec.; the step-like progi'ession of heart rate increase roughl 3 ’ approxi- 
mates the pattern of g increments. 

Increasing the time factor of exposure also affected cardiac responses. Nor- 
mal monke3’S subjected to 6 g for 5, 10, and 20-sec. periods shoAA'ed progressive^ 
greater increases in heart rate, as indicated in figure 3 (73 cases). In the 5-sec. 
exposure, part of the increase occurred after stopping the centrifuge; at the end 
of the 20-sec. test, hoAvcA'er, the rate fell quickly. Considering the areas covered 
by the three cui'a'cs, i.e., beloAV the normal blood level, the comparatri’e values 
are 1 .05 for the 5-sec., 2.00 for the 10-sec., and 4.00 for the 20-sec. test. Under 
high accelerations, therefore, the OA'erall energ3' e.xpended b3' the heart in at- 
tempting to maintain or restore normal conditions (e.g., cerebral circulation) 
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depends considerably on the time of exposure. The data deiived from a larger 
sei’ies of animals were somewhat similar (table 1, A). 

During long runs of 3 min. or more, the heart rate showed the initial increase, 
sometimes to twice the normal rate, then gradually fell; usualty it became seri- 
ously slow at the end of the test (table 1, B). Recovery after stopping the cen- 
trifuge was usualty rapid. In some cases, if the g forces were not over-severe, 
the heart rate Avas maintained at a high level throughout long exposure periods. 




Revols. 


T( L 


A ’ . _ . 5 sec. run 

-CONTROL 


E.C.G. Right 


nYfTfWiT^wrrfYrr^ 


Respiration 


1' . 



lA 




A A* 

' V -'v-x- 


Revols. 


B-belt . 


5 sec. run 



Fig- 1- 


Rate and blood-pressure changes during acceleratory exposure are gii’^en in 
figure 4. A frequenc 3 ^-distribution graph showing normal heart rate and the 
maximal reached in 96 tests at 4 g is also gmen herewith (fig. 5). 

Under negatiA^e g forces of brief duration (2-6 g, 5-15 sec.), Avhen the arterial 
pressure in the head is increased, the heart shows little or no acceleration. In 
15 eases (monke}') there was no change, in 16 there aa'hs an aA'erage decrease of 
S, and in 41 tests an increase of 3 beats per min. 

E.C.G. Changes in the electrocardiographic record Avera alwaj'S observed on 
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Fig. 2. 



centrifugation. Voltages were grossly affected in all leads: in the case of records 
from Lead I, RS potential fell; in those from Leads II and III, increases occurred. 
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TABLE 1 

Influence of g forces on cardiac activity 


A , Monkey: 6 g. Total no. tests 475 


DUEATZON 
OP TEST 

NO. OF 
TESTS 


HEABTRATE; PER MtN. 



E.C.G.- 

RS( aupliiote: mv 

Before 

test 

•After 

starting 

centrif. 

End of 
centrif. 

Max. 

increase 

Immed. 

after 

centrif. 

Before 

test 

•After 

starting 

centrif. 

End of 
centrif. 

Max. 

decrease 

Immed. 

after 

centrif. 

see. 

5 

132 

220 

224 

232 

12 

231 

■ 

1.52 

1.05 

0.71 

1.49 

10 

217 

224 

229 

247 

23 

249 


1.42 

0.75 

0.93 

1.37 

20 

84 

223 

227 

248 

25 

242 

1.72 

1.39 

0.72 

1.00 

1.25 

40 

« 

211 

229 

240 

29 

240 







* Within 3 sec. of start of run. 


B. Monkey: E.C.G. changes 


MONKEY NO. 

TOTAL 

EXPOSURE TIME 

CONDITIONS 

Q-T SECS. 

(I) 

R-R' SECS. 

(2) 

Ratio (1):(2) 


stes. 



■■■ 


A 

5 

Before test 

0.176 





Under 6 g — ^At 4" 






5" after stop 

Ha 

0.230 


B 

5 

Before test 

0.192 

0.266 




Under 6 g — At 4" 

0.169 

0.233 




3" after stop 

0.205 

0.280 

0.733 

C 

10 

Before test 

0.175 

0.248 

0.706 



Under 6 g — ^At 8" 

0.165 

0.232 

0.712 



5" after stop 

0.172 

0.240 

0.717 

D 

10 

Before test 

0.187 i 

0.257 

! 0.72S 



Under 6 g — At 8" 

0.163 

0.237 

0.6S9 



5" after stop 

0.16S 

0.237 

0.709 

E 

570 

Before test 

0.185 

0.250 

0.740 



Under 4 g — At 60" 

0.172 

0.231 

0.745 



Under 4 g — At 125" 

0.167 

0.231 

0.723 



Under 4 g — .At 300" 

0.173 


0.294 



Under 4 g — At 360" 

0.175 


0.345 



Under 4 g — ^At 420" 

0.180 

mmm 

0.353 



Under 4 g — At 480" 

0.165 

0.547 

0.302 



Under 4 g — At 570" 

0.210 


0.274 



After stop At 30" 

0.1S2 


0.65S 



After stop At 90" 

0.171 


0.5SG 



After stop At 225" 

' O.ISO 


0.672 


Two modified leads were preferubh' adopted for most tests; these were uiidis- 
turljed by skeletal muscle potential changes developed during occasional mo\'e- 
ment of an animal. The fifth intercostal space at the apex beat and the contra- 
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lateral homologous area were utilized proximally, each in circuit with the opposite 
pinnal root as the remote ele'ctrodal area. , No differences in results were found, 
however, when the homolateral ear or various cranial areas were used for the 




indifferent electrode placement. In all routine procedures, therefore, essentially 
monopolar leads were involved. Careful placement of electrodes was important 
and gave uniform results. 
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E.C.G. records obtained from the left precordimn (a modified Lead IV) during 
exposure to high positive g forces showed marked ES (designated RS4) voltage 
reduction, while simultaneous^ from the right chest lead a striking iucrease in 
RS potential was observed. Correlatively the T-wave was reduced in the former 
and increased in the latter case. Records derived from right-left chest electrodes 
showed moderate RS potential reduction, and striking decrease in the T-wave, 
during exposure. 

Decreases in RS4 amplitude on centrifugation are shown in table 1, A, and 
figure 1. A reciprocal correlation between RS4 change and heart rate during g 
exposure is obseiwed. Position and slope of the linear relationship varied in 
different indhdduals tested. 

An analysis of the PQRST complex seen on exposure of monkeys to 6 g for 
5 and 10 sec. periods showed expected changes in P-R, Q-T and cycle length 
consonant with increased heart rate. There was a tendency, however, towards 
reduction of the Q-T/R-R' ratio at the end of centrifugation; this became more 
marked in long exposures. In table 1, B, are shown data derived from a 9.5 
min. run at 4 g, i.e., a moderately high acceleration for the monkey. When the 
heart beat became very slow towards the end of the exposure, the Q-T /R-R' 
ratio fell to almost one-third of the normal level; ivhile there was a quick rise 
Avithin the first few seconds after stopping the centrifuge, establishment of pre- 
test conditions did not occur until several minutes later. The P-R interval 
showed a reduction towards the end of the run, but rose shaipty in value (length- 
ened) at the stop, and for a few seconds after centrifugation. Analysis also 
shoAved that the electrical axis of the heart A^aried 10-15° on exposure to 6 g for 
10 sec. 

To reach a better understanding of the conditions noted above, especially RS4 
changes, experiments AAnre carried out in AA’hich (a) the heart position Avas altered 
by direct traction, and (b) blood floAv through the heart aa^ss varied by clamping 
and opening the large connecting A-essels (aorta, A'^ena cava, etc.) at different 
times. Chest and head leads for E.C.G. AA'ere applied oA^er A’^arious areas. The 
results shoAA'ed that cardio-potential changes indicated by leads from the body 
surface AA'ere produced largely by position of the heart and in part by the amount 
of blood floAA’ing through the organ. 

Animal position and E.C.G. In our routine expeiiments, tests AA'ere made in 
the supine, outstretched position. Frequencj’’ and potential changes in the 
E.C.G. record haA-e been obserA'ed in both the prone and supine positions, in 
“head in” (-fg) and “head out” (— g) positions. 

The possible effect of A'arious aim and leg positions AAas tested. In all cases 
knees draAA'n up, arms doAvn, and combinations of these positions — ^no striking 
alleviatory influence on the usual cardiac disturbances aa’us obsei'ved. Frequency 
and A'oltage changes AA'ere not so marked, hoAA'ever, Avhen the draA\'n-up knees 
AA'ere pressed OA'er the front of the body (abdomen). 

Blood pressure. Carotid, brachial and femoral A'essels AA'ere used in different 
tests; AA'ith the animal in the supine position, pressuies in carotid and brachial 
AA'ere found to be similar. In most cases a maximal reduction of about 50 per 
cent in the brachial arterial pressure Ica'cI of cats occurred on exposure to 4 g 
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for 10 sec. (tabe 2, A). In 22 tests the average decrease was 58 from a pre- 
exposure level of 106 mm. Hg. Usualty, arterial pressure began to fall sharply 
after centrifugation for two seconds, while the g level was rising. This con- 
trasted Avith a relatively slower rise in pulse rate, usually in 3 or 4 sec., and 
(usually) a long post-exposure tachycardia. Arterial pressure changes in the dog 
under various g levels are shown in figure 6. 

Curves of arterial pressure and positive acceleration (monkey) showed a rough 

TABLE 2 


Protection against acceleratory forces by pelvic belt 
A. Cat: Brachial arterial pressure; 4 g, 10 sec. Total no. tests, 52 


OT TESTS 

BELT ERLSSTJEES 

ARTERIAL PRESSURE 

I 

Before test 

During test 

Change 


mm.Bg 

mm. Bg 

mm. 

mm. Bg 

8 

0 

90 

39 

-51 

6 

300 1 

112 

67 

-45 

8 

0 

lie 

51 

-65 

6 

300 

125 

91 

-34 

6 

0 

115 

58 

-57 

18 

300 

128 

98 

-30 


Average arterial pressures: 

Belt pressure 0 nun. Hg 22 cases: Change —58 mm. Hg. 

Belt pressure 300 mm. Hg 30 cases: Change —34 mm. Hg. 


B. Monkey: 6 g. Test on collapse, shown by respiratory and heart failure, and time of 

suppression of brain waves 


UONREY NO. 

WITHOUT BELT 

WITH BELTt 

Survival time to 
collapse 

1 Time to extinction 

1 of brain waves 

1 Survival time to 

1 collapse 

Time to extinction 
of brain waves 

1 

1' 40" 

22" 

3' 02" 


2 

1' 41" 

(1'41")* 

5' 52" 


3 


1' 24" 1 

7' 03" ' 

6' 40" 

4 

1' 25" 

1' 09" 

S' 10" 

7' 00" 

5 

6' 00" 

2' 49" 

11' 49" 

4' 39" 

6 

4' 15" 

(4' 15")* 

• 11' 08" 

(11' 08")* 

7 

4' 32" 

2' 10" 

5' 23" 

4' 20" 

8 

2’ 02" ! 

(2' 02")* * 

16' 46" 

(16' 46")* 

9 


X 1 

10' 00" 

(10' 00")* 

10 

1' 44' ' 


11' 45" 

(11' 45")* 

11 

1' 37" 


9' 18" 

9' 10" 

12 

2' 06" 


4' 51" 

i 

3' 03" 

• Averages 

2' 36" 

j 2' 05" 

mi 

7' 35^ 

1 


* Xo extinction of brain waves, 
t Usually 250 mm. Hg recorded pressure. 
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TABLE 2 — Concluded 

C. Monkey: 6 g, 10 sec. Total no. tests, 139 


BELT PEESStmES 

(0 - Controls) 

NO. OF 
TESTS 

1 

! HEART RATE 

E.C.G.— RS« AJtPLrttTOE 

Before test 

End of 
centrif. 

Increase 

Before test 

End of 
centrif. 

Decrease 

inm. Bg 


psr inin. 

per mitt. j 

per min. 

fRP. 

mv. 

ms. 

0 

31 

232 i 

256 

24 

1.79 

0.59 

1.29 

75 

31 

247 

255 

8 

1.54 

1.42 

0.12 

0 

9 

244 ! 

261 

17 

1 . S 6 

0.79 

1.07 

100 

7 

259 

262 

3 

1.32 

1.04 

0.28 

0 

20 

233 

253 

20 

1.85 

0.68 

1.17 

150 

19 

249 

1 

262 

13 

1.61 

1.55 

0.06 

0 

- ! 

7 

218 

251 

33 

1 1.82 , 

0.64 

1.18 

200 

4 

227 

238 

11 

1.71 

1.50 

0.21 

0 

1 

i 

209 

248 

39 

1.29 

0.49 

o.so 

250 

4 

238 i 

256 

18 

1.36 

i .31 

0.05 


Average heart rates: 

Belt, 0 mm. Hg (controls) 74 cases: Change, +24/rain. 

Belt, 75-250 mm. Hg 65 cases; Change, +10/min. 
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reciprocal relationsliip for the brachial, and a direct relationship for the femoral 
vessel (fig. 7). There commonly occurred an increase over the resting pressure 
level -within a few seconds after stopping the centrifuge. 

Comparative readings of carotid pressure changes under g were taken early in 
our Avork Avith the distal part of the artery (a) closed, and (b) open. After 
centrifugation, a rebound effect was much more apparent, as expected, in the 
case of tests AAuth the Amssel closed (fig. 8)., To preserve conditions as near 
normal as possible, all experiments folloAving the preliminary’' tests Avere carried 



SECONDS 
Fig. 7. 

out Avith the vessel open, thus maintaining through circulation in both carotid 
(or femoral) arteries. 

Tlie aA’erage minimal or max-imal arterial pressures during tests haAm been 
plotted as a function of maximal g reached during the runs. For all (positive) 
exposures a straight line gave a good approximation of the experimental data: 

Minimal arterial (brachial or carotid) pressure = 107 — 10 x g 
(13 monkeys, 220 tests) 

The linear relationship held true for decreases in the brachial as Avell as in- 
creases in the femoral arterial pressures. Thus, a given change in acceleration 
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produced the same (unit) change in blood pressure at all force levels up to 6 g. 
In a few cases in which decreases were large per g unit, there were definite in- 
dications of reduced resistance on the part of the animal organism. 

Using the hydrodynamic model described above in an attempt to imitate the 
behavior of a living organism, curves of pressure change under g stresses were 
foundjjto be rather similar to those of brachial arterial pressure. They were, 



however, more U-type than V-type in character (fig. 9). This was probably 
referable to rigidity of much of the (glass) material of the model, in contrast to 
the elastic tissue in the animal organism. Also, there were occasional “kinks” 
in the arterial pressure cun'es. Considering the minimum water pressures 
reached in the model under different exposures against maximum g force, the 
relationship was a straight line for which the equation is: 

jMinimal water pressure = IIG — 16.5xg 

Blood flow. Reduction of blood flow in the head end of an animal (dog, mon- 
key) subjected to positive g forces could be detected within one or two seconds 
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after the test -was started. A minimal level was reached in a standard 10-sec. 
run from 4 to 6 seconds after the start of centrifugation. There was a general 
correspondence with the changes in arterial pressure taken simultaneously, as 
shown in the curves herewith. At 3 or sometimes 4 g the flow in the carotid 
artery usually reached zero levels, or even showed slightly negative values. The 
depressions in blood flow showed a proportionality to applied g forces. After 
stopping the centrifuge a rebound effect, persisting for 30 sec. or more and with 
flow values reaching 25 per cent above normal, was commonly observed (fig. 
10 ). 



Fig. 9. 

The deficienc}'- in blood flow during an exposure, i.e., the cubic centimeters 
of blood which failed to reach the head end of an animal during a run, was deter- 
mined by the area below the normal blood flow level. Calculations made from 
data derived from a large number of experiments fit the equation: 

cc. deficiency — 0.82 = 1.7 In g 

This relationship may indicate that blood flow changes are not a function of g 
difference as such, l)ut of — a phenomenon observed in certain physiological 
activities. 

Transverse g effects. Several dogs and cats were given 10 sec. exposures to 
force.s up to 8 g applied in the transverse direction, left to right, with the animal 
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in the supine position.' No significant effect of forces up to 3 g was noted; 
under 4-8 g, however, carotid blood pressure and flow increases from 10-15 per 
cent above normal were often found, with accompanying increases in heart rate. 

Respiration. In all animals tested (monkeys, dogs, cats, rats), respirator}^ rate 
was inhibited throughout most of the accelerator}'’ period; only occasionally were 
brief increases in rate noted. Often the depth (volume) of respiration was in- 
creased for short periods. In 256 tests on monke 5 ’’s the respirator}'’ rate showed 
an average decrease of slightly more than 50 per cent during tests at 6 g 



for periods ranging from 10 sec. to 6 min. After exposure the -rate increased 
between 5 and 10 per cent for a minute or so. 

E.E.G. In most experiments monkeys were used, and records were taken con- 
tinuously throughout the tests. “Delta” brain waves, or those of high voltage 
and low frequency, common!}’’ appeared quickly (witliin the first second) on c.x- 
posure to high acceleratory forces. They usually continued throughout 5-sec. 
tests, but sometimes disappeared towards the end of 10-sec. e.v'posures; after 
stopping the centrifuge, deltas persisted, or reappeai'ed and lasted a further 5 
tola sec. On repeated exposures being given, the bi’ain waves commonly showed 
larger amplitude and longer persistence. 
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The incidence of deltas was greatest during the longer runs of 30 sec. or more 
(fig. 11); during this period they showed a probability of occurrence of almost 
1.0 in tests at 6 g. In comparison, the probability figure was 0.73 during 10-sec. 
tests. For post-exposure deltas, the probability was about 0.7 for 20-sec. or 
longer runs. 

Wlnle delta waves were characteristically seen, the effect of acceleration on 
medium-frequency, medium-voltage waves was less noticeable. The only change 
in the latter was a slight rise in frequency whenever a change in g forces occurred, 
i.e., there was a small rise on beginning centrifugation and also when the centri- 
fuge stopped. 



“Alpha” waves were commonly present in the resting monkey (eyes bandaged) ; 
their incidence was quite variable— from 5-60 per cent of the record e.xamined. 
The average frequency was about 7.7 per sec., and the average duration of bursts 
about 1.4 sec., in 240 determinations. These wa^•es were abolished by centri- 
fugation. 

Ex'periTncTxia.l 7ieurosis ’ and other i-ests. Attempts were made to produce 
“experimental neuroses” by frequent exposure of monkeys to high g forces. 
.A-nimals were given runs on the centrifuge two or three times weekly. About 
50 1 uns at 5 g V ere made on each of 6 monkeys during an experimental period of 
several weeks. No treatment was given in 3 cases; in 3 othere benzedrine (for 
“sensitization”) was given before every exposure. A siren was sounded close 
to the animal for 10 sec. immediately before each centiifuge run, and later the 
possible effects of the siren alone were tested. 

In no case, after two mouths of such tests, were anj’^ significant detrimental 
(cerebral) effects noted. There were moreover only slight signs of conditioned 
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reflex development (bj’’ cardiac changes preceding a run) in a few instances. 
Dogs tested dail}'- on the centrifuge at various g levels over a period of 6 months 
also showed no emotional instability; indeed, some animals appeared to enjoy 
the experience. 

Protective factors: Abdominal belt. The use of a pelvic or abdominal belt under 
pressure (usually a sphygmomanometric cuff, inflated to 150-300 mm. Hg) by 
an animal undergoing e.\posure to g forces gave protection to many of the bod 5 '^’s 
functions. Survival time to collapse was found to be greatlj’- prolonged, and time 
to produce extinction of brain waves was markedly lengthened. In most of 
these cases the time element was multiplied man}' times (table 2, B). 



As shown by the electrocardiographic record, RSi amplitude was maintained 
vdth onty slight decrease under 6 g in the case of belted monkeys, compared to 
severe reductions in the same animals when unprotected. Tachycardia was also 
much less under g when abdominal pressure was applied (table 2, C; figs. 12 and 
13). _ 

Animals also showed maintenance of arterial pressure nearer normal levels 
when given abdominal belt protection during acceleratory exposurss. The 
advantage varied between 1 and 3 g, inversely to the severity of the exposure 
(table 2, A). Blood flow reductions under moderate g forces were about half 
as great only, when an abdominal belt was applied. Tests made with an in- 
flatable neck cuff at various pressures gave slight or indefinite results. 
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Adrenalin effects. A number of tests were made on monkej^s and cats, using 
different doses of adrenalin in oil and in aqueous solution, and various g levels and 
exposure periods. On gi^dng adrenalin intravenouslj’^ and exposing the animal tO' 
acceleratory forces at intervals thereafter, some protection was afforded during, 
the very short period when arterial pressure was normally elevated, i.e., by 
adrenalin. The brachial arterial pressure of treated animals was maintained at 
about normal under 1-3 g forces applied for 5-15 sec. ; in longer runs of a minute 
or two, or under 3-6 g, acceleratory forces overcame the hypeidensive action of 
adrenalin. Even large doses given in oil oft'set for a short while only the in- 
fluence of high accelerations. 
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Fig. 13. 


Discussion. Decrease of arterial pressure iu the head end of the animal was 
specifically correlated with increase in heart rate during exposure to positive g> 
Femoral pressure showed at the same time a marked rise. When an abdominal 
belt or other protective measures were used, the (usual) heart rate and carotid 
pressure changes imder g were reduced correspondingly. 

Little or no heart rate increase occurred on exposure of animals to g forces 
while under low barometric pressures, although the carotid pressure level was 
sharply decreased. In this case suppression of the tachycardic response to g forces 
was probably referable to the severe decrease in oxj^gen supply to the heart 
tissues. 

During negative g tests, when carotid pressure was increased, the heart rate of 
dogs showed insignificant change. A paradoxical bradycardic reaction was 
noted, moreover, towards the end of prolonged exposure to positive g, when the 
central nervous system was in serious need of blood supply. This probably repre- 
sented a failing myocardium , in view of the attendant severe oxj'gen lack. Rapid 
recovery of normal cardiac activity appeared on stopping the centrifuge. 
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Results indicate clearly that the so-called “Marey Law” (Marey, 1863) is 
operable normally and primarily in the event of reduced circulation to the cere- 
bral tissues. Not even in this case does the “law” hold if moderate anoxia is 
induced, and cardiac acceleration may fail to occur although the brain is in 
great need of vascular support. 

. Sharp changes in E.C.G. during centrifugation, although explained on the basis 
of lieart and blood shifts, afforded striking criteria of the effects of g forces on the 
bodjr. . The protection afforded by an abdominal belt was clearly shown by pres- 
ervation of normal E.C.G. voltages. 

Curves of blood pressure (and blood flow) derived from animals given 5 or 10 
sec. runs on the centrifuge at various g levels were not usually smooth in charac- 
ter. There was thus some indication of the initiation of reflex activity, ap- 
parently in an attempt to offset cerebral ischemia, during acceleration. Slight 
irregularity of pressure and flow curves, suggestive of carotid sinus intervention, 
appeared within 6 or 8 sec. after the start of centrifugation. . 

In longer runs gross waves of arterial pressure change persisted for a minute or 
two under severe g forces; they continued for some time after a run, indeed, 
when the carotid pressure had reached normal or supernormal levels. The re- 
sponse of pressure-regulating mechanisms to gravity, somewhat slow in starting, 
may therefore be projected in time long after the initiating stimulus has been 
withdrawn. 

Often a hundred or more tests were made, it may be noted, to establish defi- 
nitely curves of change (of blood pressure, blood flow, etc.) produced during ex- 
posure of a series of animals on the centrifuge. Spread of points derived from an 
individual or group was nevertheless not considerable, in view of the rather severe 
experimental conditions involved. 

The incidence of “delta” brain waves during and for sometime after centri- 
fugation was probably referable to the induced cerebral anoxia. Led by this 
idea, oxygen administration was tested, vdthout producing any significant 
benefit. The use of ,C02, however, was found to be advantageous in raising 
resistance to acceleration. On giving CO 2 .(usually but not always with O 2 ) 
immediately before exposure, it appears likely, that cerebral blood flow was aug- 
mented; this constituted a preparatory, resistant factor, and conferred a 1-2 
g advantage on the animal. 

..The protection provided against g forces by an abdominal, cuff under pressuri 
was strikingly shown bj^ a number of different criteria used. In 4 cases, monkeys 
giyen such protection .Arithstood 6 g for periods of 10 min. or more, compared 
to. ;,tI.Ae. control aA'^erage of. 2.5 min. shoAA-n hy the same animals (table 2, B). 
One protected animal surAuved a force of 6 times graAoty for neail.y 17 min., 
AY.ithout shoAAing cerebral (E.E.G.) failure. 

, Little indication can be gNen noAV of the Avork done on acceleration by many 
gvpups during the .AA'ar. Reference may be made, hoAA-eA'er, . to the splendid 
accomplishments of the Majm aero-medical unit, a partial report of AA'hose Avork 
ha,s recentb’’ appeared (Wood el al., 1946). Other Avorkens liaA'e also published 
abstracts of their experiments in the past tAvo years (Clark, Drnry; Maaske 
c/ oh; 1945-1946). 
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In a day wlien not only interprandial ocean-spanning is projected, but sub- 
terranean (vacuum-tube) as well as stratospheric travel at supersonic speeds 
by atomic 'propulsion is considered by high authorities, fimctional studies of 
those unique reactions provoked by high acceleratory forces must surely be given 
greater emphasis. That aircraft performance easily outranks the resistance of 
the human mechanism is and will always be true. Biological investigator and' 
engineer must rub wits together quite often, however, if the gap between mecha- 
nical and biological capacities is to be kept within reasonable (or sur-nval) 
bounds. A timely, thorough and provocative consideration on this subject by 
McFarland (1946) should be committed to mind and heart by physiologists 
and all who control aircraft output of any sort. 

Through vigorous prodding by war and its arbitraments, much fruitful work 
in this and near-related fields resulted. Now, simply to enjoy the argosies of 
peace (not to urge any idea of preparedness), it should at least be possible to 
maintain medico-physiological inquiry on a level commensurate with that of' 
technological progress. Meanwhile findings such as those herein' on one phase 
of the problem may simply be added to others more forcibly impressed -by in- 
creasing contingencies in this sphere of man’s activity. ■ ■■■ 

SUMMARY 

A 20-fooh diameter heavy steel centrifuge with blood-piessurc and other de-. 
vices attached for deteimining effects of accelerations up to 50 g is described. 
Results of tests on a large number of monkeys, dogs and cats are given,. 

Acceleration of the heart rate (5-30 beats) on exposure to positive g forces- 
shows a proportionality to the intensity and time of application of the force. 
Under prolonged exposure (5-10 min., 3-4 g) bradycardia and irregularity set 
in, but recoverj’^ was rapid on stopping the centrifuge. Negative g forces 
produced no significant change in heart rate (dog) . ... ■ip.'V;'. 

E.C.Gl records derived from the left precordium showed marked RS^ voltage 
reduction during positive g exposure, while increase in voltage was shovoi by the 
right chest record obtained simultaneously. Experiments indicated heart posi- 
tion and blood content were the responsible factors. 

Carotid (or brachial) blood pressure fell sharply under positive g forces, 
and the femoral pressure rise was even more abrupt. Arterial pressure changes 
(carotid, bracliial, femoral) showed a linear relationship to applied g stresses. 
A given change in acceleration produced the same unit change in arterial pressure 
at all force levels up to 6 g. 

The carotid pressure of monkeA's under g forces was affected significantly less 
than that of cats and dogs. At forces between 1-6 g, monkeys showed about 
1 g advantage over the latter animal types. 

Changes in pressure in a hydrodynamic model under acceleratory forces were 
similar to arterial pressure changes found in animals. 

.-V carotid sinus reflex response affecting arterial pressure appears to be initiated 
0-S sec. after starting exposure to high g forces. 

Blood flow reductions in the carotid arterj* occurred 'snthin a second or so 
after starting the centrifuge, and showed a proportionality to the acceleration 
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applied. Under a force of 3 or 4 g for 10 sec., flow in the carotid or brachial 
vessel usually reached the zero level. 

Transverse forces (across the bod 5 '-) of 4-8 g produced moderate increases in 
heart rate and carotid pressure and flow. 

On starting centrifugation, high-voltage low-frequency (“delta”) brain waves 
appeared in 76 per cent of monkej^s tested within a second or so; sometimes 
they disappeared towards the end of a 10-sec. inn, and appeared again when 
the centrifuge stopped. The probability of occurrence of “deltas” was almost 
1 .0 on exposure to 6 g for 30 sec. 

Attempts to produce conditioned reflex responses and “experimental neuroses” 
by exposure to high g forces applied frequentlj’- over several months were nega- 
tive. 

Considerable protection against g forces was afforded by a belt or cuff around 
the abdominal area inflated usuallj’’ up to 300 mm. Hg pressure. Survival time, 
E.C.G. and E.E.G. values, and arterial pressure and flow levels were all signifi- 
cantly affected. The advantage afforded by abdominal belt pressure varied 
between 1 and 3 g, inversely to the severity of the exposure. Adrenalin gave 
moderate and verj'' brief protection. 
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1 The results of many pliysiochemical studies of the disordered physiologic 
processes of the brain in convulsions (1) have led McQuarrie (2) to state that 
“the characteristic abnormality in epilepsy involves a disturbance in the sur- 
face functions of the brain cell membranes.” This conclusion is strongly sup- 
ported by the work of Spiegel and Spiegel-Adolf (3-5) and of Spiegel, Spiegel- 
Adolf and Henny (6, 7). They demonstrated by means of an electrical metho(|/ 
for measurement of cerebral cortical polarization that cortical penneability' 
(which has an inverse relationship to polarization) is increased by various 
experimental conditions which produce a lowered convulsive threshold or actual 
convulsions 

Cicardo and Torino (8, 9) also concluded, on the basis of then- recent extensive ' 
work, that all bioelectric potential changes, including those associated Avith the 
disordered nervous discharges of convulsions, are the result of shifts of elec- 
trolytes which are associated with changes of permeability of cellular membrane. 
They reported that cerebral venous blood plasma of the dog contains an increased 
amount of potassium during induced commlsions, and that this additional po- 
tassium represents a loss from the brain since such increases occurred only in 
cerebral, and not in systemic, venous blood. Similar Avork by Kendall and 
Essex (10), hoAvever, is not in agreement Avith Cicardo and Torino’s findings, 
for they Aveie unable consistently to detect a significant increase of potassium 
content of cerebral blood resulting from expeiimental convulsions. 

Liebert and Heilbrunn (11) haA'e used the method of micro-incineration to 
study the effect in vivo of metrazol and insulin on the mineral content of the 
brain of the guinea pig and of the rabbit. They reported that these substances 
induced changes of total ash in the cornua Ammonis and in A^arious cortical 
areas. Micro-incineration in itself docs not provide qualitative information 
on the various ash components, hoAA-ever, and in the present studj"^ a microexys- 
tallographic method Avas employed for analysis of micro-incinerated prepara- 
tions, to determine Avhat changes of local distribution of potassium and sodium 
in the cerebral cortex might result from experimentally induced convulsions. I 

Methods. Each experiment consisted, essentially, in taking a small control ' 
specimen of cerebral cortex from an animal, after Avhich the animal or a litter 
mate Avas given one or more convulsions. Then a second cortical specimen Avas 

‘ Abridgment of portion of thesis submitted by Doctor Golfer to the Faculty of the 
Graduate School of the University of Ivlinncsota in partial fulfillment of the requirements 
for the degree of Ph.D, in Medicine. 
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removed for comparison with the control. The distribution of electrobdes was 
studied bji- meads of micro-incineration and crystallographic analysis of the asli 
of the mici'o-incinOrated specimens. 

The experimental animals used were rats and rabbits. In all cases specimens 
were taken from the cerebrum in the form of small disks of a standard size: 
6 mm. in diameter bj'- 2 ram. thick. A sharp cork borer served to make clean 
circular cuts perpendicularly from the cortical surface into the tisSue,'’iihd a verj^ 
small scalpel, introduced as nearly parallel as possible to the cortical surface, 
Avas used to complete the separation of the disk. In most of the experiments a 
conti’ol specimen ivas taken from one side of the frontal cortex through a trephine 
iri the skull and the second specimen was taken, after the animal had been placed 
llhder the desired e.xi>erimental conditions, through another trephine, from the 
corresponding area of the opposite hemisphere. The animal was anesthetized 
with ether, or b.v local infiltration of the scalp with procaine, while the two tre- 
phines Avere prepared. In other experiments a separate animal aa’us used to 
suppl.y control specimens. The control animal and the- one on Aidiich the e.x- 
periraental procedure Avas done Ai'ere killed b}-- bleeding from the carotid arteries 
folloAA'ing etherization. In these cases craniotomy AA'as then quickly done, and 
the brain AA-as thus obtained for remoAml of the disks from more diversified areas 
than AA^as possible in the firet t5T3e of experiment. 

In the majority of experiments comailsions AA'ere induced b}* the passage of 
aii electric discharge through the animal’s head, folloAAung a technic similar to 
that used in electroshock therapy of psychiatric patients (12). In other cases 
metrazol was injected intrai'enously to produce the conAmlsions, and in many of 
iiie' experiments AAith rats convulsions AA-ere brought about by exposing the 
aiiimals to a loudlj'- hissing air blast (audiogenic commlsions) (13). 

The electroshock apparatus consisted of a variable transformer circuit operat- 
ing from a 110 Amlt, GO cycle, line current. The circuit was controlled bj" an 
x-raj’- timer, and the output potential amounted to 250 volts. The current out- 
put could be regulated quite exactlj’-, by adjustment of the transformer, through 
a range of zero to 135 milliamperes. The electrodes used consisted of small coils 
of braided copper AA’ire AA’liich AA’ere applied biiaterall}^ to the animal’s shai^ed 
temporal scalp bj-^ means of adhesive tape. Electrolytic jelly aa'rs emplo 5 ’'ed to 
provide good contact and reduce resistance. 

For micro-incineration of the cortical specimens a micro-incinerator of Scott’s 
design (14), and his technic (14), Aidth slight modification, lA'ere used throughout. 
The tissue fixatii'e employed AA'as absolute alcohol alone, rather than a mixture of 
formalin and alcohol. It AA'as found that the foraier brought about satisfactory 
fixation, whereas the 60 per cent Avater content of concentrated formalin AA'as 
theoretically objectionable since it AA'as important that the normal distribution 
of .water-soluble tissue salts be preseri'ed. All sections AA'ere cut at 12 microns. 

'Analysis of the micro-incinerated tissues for sodium and potassium AA'as ac- 
complished by a micro-crystallographic method (15). This inA'olved cither of 
■t.AA'o- procedures: 1, addition under the microscope of measured microdrops of 
weagent directly to ‘Selected areas of the micro-incinerated specimen and observa- 
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tion of the crystals fonned as a result of reaction between the ash and the reagent, = 
or 2, taking into solution under the microscope particles of asli from selected areas- • 
of a micro-incinerated specimen, and subsequently analyzing this solution % 
means of crystallographic tests carried out in capillary tubes. These operations 
involved the use of a micromanipulator which would make possible the accurate 
placement of measured microdrops from a capillarj^ pipet on selected microscopi’c 
areas of the micro-incinerated preparation, and which would also allow for cttV^- 
lection into another capillaiy pipet of microdrops so placed on the specimen. •■•■'A’ 
moist chamber was necessary to prevent evaporation of the microdrops- (15) .*■ 
Rough estimation of the amount of sodium or potassium in the ash tested;' as 
compared with that in similar areas of a control preparation, rested on comparisdn 
vith the control analyses Bith respect to the number of crystals obtained (IG), 
their size and the rapidity of their formation (16). The reagents employed were 
zinc uranyl acetate for sodium and chloroplatinic acid for potassium (17). 

Experiments and results. Experiments were carried out to determine 
what effects induced convulsions might have on distribution of total electrolyte, 
and of sodium and potassium, in the cerebral cortex of rats and rabbits. Ad- 
ditional experiments were performed to control the possible influence on the 
results of such factors as anoxia, muscular activity, anesthesia and cortical 
topography. 

o. Metrazol convulsions. Eight adult rabbits were used. In each case ether 
anesthesia was administered during preparation of a tiephine opening over the 
right or left frontal lobe, the control specimen was removed and the incision 
closed. Another trepliine was then made on the opposite side of the skull at 
a position exactly corresponding to the first, the animal was allowed to recover 
from the anesthesia, and metrazol was given intravenously in a dosage ot 0.1 
cc. per kilogram of bod}' weight. A cortical specimen was removed through the 
second trephine after a generalized convulsion had been in progi'ess for thirty 
to sixty seconds. 

. The specimens were prepared according to the routine technic, control and 
postconvulsive tissues from each rabbit being handled together throughout fixing, 
clearing, infiltrating, blocking, cutting, mounting and incinerating. Each com- 
pleted slide, as in all the experiments, therefore carried micro-incineration ash of 
both a postconvulsive and a control specimen. 

Examination of the completed preparations under the darkfield microscope 
at magnification of 900 X and 1,200 X showed definite differences between the 
control and postconvulsive specimens. The latter showed a heavy, diffuse, intra- 
neuronal ash which lacked nuclear markings, while in the controls there Were 
intraneuronal concentrations of ash in a position corresponding to that of’tlie 
nuclei, with relatively less cytoplasmic ash. The intercellular ash of these prep- 
arations has been difficult to estimate, because of the prominence of the ash patr-' 
terns of the neurone processes. In the superficial, granular layer of the cerebral 
cortex, however, where there are relatively fewer neurone processes, the ihfef- 
cellular ash could be better estimated. It showed no significant change of con- 
centration resulting from induced convulsions. ' Neuroglia cells have not shonm 
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a prominent ash content in an3' of these experiments, nor have anj^ changes of 
neuroglial ash been found to result from convulsions. 

The micro-incinerated preparations were now analj^zed for neuronal sodium and 
potassium bj'' the crystallographic methods described earlier in this paper. 
Numerous analyses of the preparations of each rabbit were carried out hy both 
the “on-slide” and the “capillary tube” method.. These anatyses consistently 
indicated that a neuronal loss of potassium and a gain of sodium were associated 
with meti-azol convulsions (figs. 2 and 3). This information on the sodium and 
potassium of neuronal ask were obtained by selecting for analysis only those 
microscopic areas where there were considerablj' more ash patterns of neuronal 
cell bodies than in the average microscopic field of the preparation. 

TABLE 1 


Experimental conditions and results in a series of animals given electroshock 


RABBIT 

ELECTROSHOCK 

CTyRREOT, 

MILLIAMPERES 

■ ELECTROSHOCK 
DURATION, 
SECONDS* 

1 NUMBER OF 
! ELECTROSHOCKS 
AND 

CONVULSIONS 

1 RESULTS: POSTCONVULSIVE NEURONAL ELECTROLVTES 

1 COMPARED WITH CONTROL 

1 

100 

0.2 

4 

Diffuse increase of total intraneuronal 
ash. Diminished potassium, in- 
creased sodium 

2 

90 

0.2 

C 

Same as (1) 

3 

135 

0.2 

10 

Same as (1) 

4 

135 

0.4 

10 

Same as (1) 

5 

SO 

0.2 

2 

Questionable increase of total ash and 
no demonstrable diminution of po- 
tassium or increase of sodium 

6 

80 

0.4 

1 

Same as (5) 

7 

135 

0.2 

1 

Same as (1) 

S 

135 

0.2 

4 

Same as (1) 

9 

. 135 

0.1 

2 

Same as (1) 

10 

135 

0.1 

2 

Same as (1) 

11 

135 

0.2 

4 

Same as (1) except no demonstrable 
change of sodium 

12 

135 

0.2 

4 

Same as (1) 


* The duration of convulsions produced by electroshock ranged from 10 to 40 seconds. 


fj. Electroshock convulsions. Twelve adult rabbits were studied to observe 
the. effect of electrically induced convulsions on the distribution of total ash, 
sodium and potassium of the cerebral cortex. Table 1 indicates the experimental 
conditions and results for each case. 

Removal of specimens from the cerebral cortex of control and postconvulsive 
animals was done in the same manner as in the preceding series and, similarly, 
ether anesthesia was used during trephining and removal of control specimens 
except in the cases of rabbits 5, 6, 9 and 10, in which local infiltration anesthesia 
w'as irsed. The intervals between induction of successive convulsions in each 
case were one to five minutes. Postconvulsive specimens were removed during 
the course of the last convulsion, or within a few seconds after it had ceased, 
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except in the cases of rabbits 11 and 12, in Avhicli an interval of thirty minutes 
was allowed. 

The changes of distribution of total ash (fig. 1) were similar to those wliich 
occurred Avith metrazol convulsions. Changes of intraneuronal concentration 
of sodium (fig. 2) and potassium (fig. 3) Avere also similar to those of the preceding 
series, though they AA'ere not quite so constant, since they AA^ere not detected in 
the cases of rabbits 5 and 6 in AAdrich a relatively Ioaa^ electroshock current AA^as 
used. 



Fig. 1. Effect of experimental convulsions on the total electrolyte of the cerebral cortex 
of the rabbit. Left; Micro-incinerated control preparation (X900). The ash of neuronal 
cell-bodies appears as concentrations of light-rcfractiA'-e material. Righl: Micro-inciner- 
ated preparation of the corresponding cortical area, opposite side, of the same animal after 
electroshock convulsions (X900). 

In the cases of rabbits 8 to 12, inclusive, an additional cortical specimen Avas 
removed after three to three and a half hours. Micro-incineration and ciystal- 
lographic analysis of these specimens shoAved no significant difference from the 
control specimens, and therefore it Avas concluded that the described effects Avere 
reversible Avithin three and a half hours. 

c. A ml iogen ic convulsions. Eight adult Avhite rats, found on testing tAvo Aveeks 
previously to be “audiogenic reactors (13),” and eight control animals, each of 
Avhich Avas a litter mate of a corresponding experimental animal, Avere studied for 
the effect of this type of convulsion on the electrolyte content of the ccrebi-al 
cortex. 
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^ Each of tbe audiogenic reactors was subjected to the sound stimulus (a loudly 
hissing air jet) and each had a typical, generalized convulsion. In eveiy case 



.i 



Fig. 2. Results of microcrystallographic analysis for sodium of micro -incinerated prep- 
arations shown in figure 1. Above; Sodium zinc uranyl acetate crystals obtained in capil- 
lary tube from ash of neuronal areas of the postconvulsive preparation (X200). Below: 
The relative absence of crystals obtained on similar analysis of the control preparation 
(X200). 



Fig. 3. Results of microcrj'^stallographic analysis for potassium of micro -incinerated 
preparations shown in figure 1. Above; Potassium chloroplatinate crj'stals obtained in 
capillary tube from ash of neuronal areas of the control preparation {X200). Below: 
The relative dearth of crystals obtained on similar analysis of the postconvulsive prep- 
aration (X200). 

the animal was etherized, craniotomj’^ Avas performed and specimens of frontal 
cortex were removed and placed in fixative Arfthin one to two minutes after 
the convulsion. Similar specimens were obtained in the same waj’’ from the 
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control rats, though these animals had not, of couree, been exposed to the air 
blast. 

Microscopic examination of the micro-incinerated preparations of this material 
revealed effects of audiogenic convulsions which were of the same nature and 
extent as those described in the preceding experiments. On cr 3 ’-stallographic 
analysis for sodium and potassium, however, a change was not foimd so con- 
sistently, since onlj^ a half of numerous determinations indicated a neuronal loss 
of potassium and gain of sodium. The remaining determinations showed no 
change. 

d. Asphyxia control. Since severe or mild anoxia accompanies convulsions, 
it seemed important to determine Avhether anoxia alone might cause shifts of the 
electrolytes of the brain similar to those produced by generalized convulsions. 
Accordingly, three rabbits Avere used to determine the effect of anoxia alone on 
the electrolytes of the cerebral cortex. 

Each of the experiments Avas done as folloAA's: A control specimen AA-as remoA'ed 
from the right frontal cortex through a trephine opening made foUoAAung local 
infiltration anesthesia. With the animal under local anesthesia, asphyxia Avas 
produced and after three minutes specimens AA'ere remoA’ed from the left frontal 
cortex. 

Comparison of the preanoxic and postanoxic specimens folloAAung micro- 
incineration shoAved no difference betAveen their ash pattern or neuronal potas- 
sium or sodium. 

c. Ether controls. Specimens of tissue Avere frequently obtained in these 
experiments after etherization of the animal. Consequent!}’-, it Avas necessary 
to deteiTnine AA'hat effect ether anesthesia itself might haA’e on the electrob’tes 
of tlie cerebral cortex. Cortical specimens AA-^ere obtained from each of three 
adult rabbits before and during etherization. 

In each case a specimen Avas remoA'^ed from the right frontal cortex under local 
(procaine) anesthesia, the animal aa'es etherized and a specimen Avas remoA-ed 
from the left frontal cortex. The latter specimen Avas removed from one rabbit 
after fiA’e minutes of etherization and from the other tAvo after tAventy minutes. 

After micro-incineration, the postetherization specimens did shoAv slight 
differences of ash pattern from that of their controls, but these differences AA'ere, 
in each instance, exactlj' opposite to the effects observed to result from con- 
A’^ulsions. The effect of ether was a diminution of intraneuronal ash density, 
especially of non-nuclear ash, and a similar dimming of the ash patterns of neu- 
rone proces-ses. HoAA-eA'er, changes of neuronal potassium and sodium could not 
be detected on ci'i’stallographic anatysis. 

/. Coidrol of 77ii{scular aciivity. Another factor requiring control is that of 
muscular activity, the most prominent of the manifestations of con\uilsions. 
The four adult rats of this series, therefore, were exercised to e.xliaustion so that 
pre-exercise and postexercise specimens from their brains could be compared. 

A control specimen Avas removed from the right frontal cortex of each rat 
under ether anesthesia. The scalp Avoimds AA-ere sutured, and sealed AAuth col- 
lodion., Tavo hours after recoverA' from the ether each animal Avas exercised by 
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a swim of ten to fifteen minutes in a tub of tepid water. Following this the rats 
were immediatel3'^ etherized again, and specimens were obtained from the left 
frontal cortex. 

Examination of the micro-incinerated preparations, and crj’-stallographic 
analj'sis, revealed no change of total ash or of neuronal potassium or sodium. 

g. Topographic control. Control experiments were also desirable for the 
detennination of difference, if anj-, of electroljde changes between various areas 
of the cerebral cortex. In almost all the foregoing experiments only those areas 
were studied which are readilj’- accessible through trephines of the calvarium, 
especiallj'' the frontal cortex. Also, it was desirable to know what topographic 
differences of electrolyte distribution might exist in the cerebral cortex of a 
nomal animal. 

Six adult rabbits were used. Each of three of these was given six electroshock 
commlsions in rapid succession, following which craniotomy and removal of 
cortical disks from various areas were quickly done. The remaining three rabbits 
were not given convulsions, but similar specimens were removed from their 
brains. Each of the animals Avas Idlled by injection of 40 cc. of air into an ear 
vein. The areas from Avhich cortical specimens were removed, in each case, 
Avere as folloAA’s: frontal, parietal, occipital and hippocampal. From each of 
these areas a specimen Avas remoA'ed from both the right and left sides. 

The micro-incinerated preparations reAmaled onlj’- minor, or questionable, 
differences of electrolyte pattern of corresponding cortical levels of the various 
specimens from control animals. These differences AA'ere in the nature of small 
variations of densitj' of neuronal ash, and not of ash distribution. There Avere, 
hoAvever, distinct differences obseiwed- among the postconvulsive specimens 
from each animal. There aa'rs a greatlj' diminished density of neuronal ash in 
the hippocampal preparations in relation to the appearance of the preparations 
from the frontal, parietal and occipital areas. Xo appreciable variations AA'ere 
found among the latter three areas. The decreased densit}’' of the hippocampal 
ash pattern AA'as not accomplished by appai-ent intraneuronal or extraneuronal 
changes of ash distribution. It cannot be said Avhsthei- the appearance of dimin- 
ished ash in the hippocampal sections represented an absolute or only a relatiA'c 
decrease, since the comparison aa'rs AAuth sections from areas knoAvm from the 
preceding e.xperiments to shoA\' increased density of neuronal ash following con- 
vulsions. 

In anj' event onlj" a minor topogi-aphic A’-ariation cf ash pattern Avas found 
among cortical specimens from normal animals, Avhile there AA'as considerable 
Amriation in the case of animals AAdiich had had convulsions. Crj’-stallographic 
analj’^ses for sodiiun and potassium AA'ere not done in this series. 

I Comment. As described previously, the changes of electrols'tes in the cerebral 
cortex lesulting.from experimental conAuilsions haA'e been controlled carefully 
AA-ith studies of the factors of anoxia, exercise, anesthesia and cortical topographj'. 
None of these factors aa'us found to be partlj'- responsible for the effects obserA'ed 
to be associated AA-ith conAuilsions. It is thought, therefore, that such changes of 
cortical electrolyte directh' reflect neuronal actiA'ity. Furthermore, the ex-peri- 
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ments with anoxia and exercise also indicated that trauma to one sidemf-.the cor- 
tex, as produced in removing the tissue disks, did not induce the changes in the 
tissues subsequently removed from the cortex of the opposite side. In addition, 
all histologic procedures in the preparation of sections for micro-incineration and 
crj’stallographic anatysis were carried out under uniform conditions, the control 
and experimental material being handled simultaneously. | . i : 

Objections to the method of micro-incineration have been advanced and are 
probably valid to the extent that it is not possible to conclude, from the appear- 
ance of a micro-incinerated tissue, exactly what the distribution of the electrolyte 
was in the living tissue. As Gersh (18) pointed out, fixation of specimens for 
micro-incineration is not instantaneous, but more than that, the fixation itself 
must cause some alterations of distribution of tissue salts through its shrinking 
action on protoplasm, if not in other ways. Indeed, this action was evident in 
all the preparations of these experiments in the form of ash-free lacunae surround- 
ing the cellular ash patterns. 

Despite such objections, however, micro-incineration would seem to be a 
valuable method in experimental histophysiologju In this study it is not con- 
cluded that the particles of ash as seen imder the microscope were in the same 
relation to each other as in the living tissue. But it is felt that these methods 
indicate the general direction of neuronal changes of total “heat-resistant” 
electrolyte and of potassium and sodium. Changes of cellular hydration were 
not responsible in themselves for the effects obsen-ed since niunerous measure- 
ments from both micro-incinerated and conventionally stained preparations in- ■ 
cheated no change of cellular volume in the postconvulsive specimens. 

|The finding that potassium apparently is lost from neurones of tiie cembral 
cortex during induced convulsions would seem to supplement the reports of 
Cicardo and Torino (8, 9) of increased potassium in the cerebral venous blood of 
animals after convulsions. However, several control analyses of gross cortical 
specimens from rabbits showed that no change resulted from electroshock or 
metrazol convulsions in the total potassium or sodium. The described changes 
must therefore depend on shifts of electrolytes between intracellular, and extra- . ^ 
cellular tissue phases, and not on net loss or gain of these electroljdes by the 
tissue. The reciprocal relationship shown between neuronal pota^siiim and 
sodium correlates with work indicating the mutual replaceability of these, cations 
in axoplasm of the giant squid (19). The fact . that with convulsions neuronal 
total ash changed in amount, as well as in distribution, may mean either that 
there was not apparent equivalence between the amounts of potassium lost and 
sodium gained, or that other electrolytes accounted for the i-isible differences 
of density of the total ash. I 

The authors wish to exiirbss their thanks to Drs. hi. H. Power and W. C. 
liObitz, Jr. for valuable advice and assistance. 

SUM.MARY 

Studies utilizing the methods of micro-incineration and crystallographic analy- 
sis of micro-incinerated preparations indicate that changes' of total electrolyte. 
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sodium and potassium of cerebral cortical neurones accompan 3 ’- or follow experi- 
mental convulsions in rats and rabbits. Typicallj% these neurone changes in- 
volved a diffuse increase of total (heat-resistant) electroljde, a loss of potassium 
and a gain of sodium. The described changes were detected quite consistently 
in rabbits given metrazol or electroshock convulsions, and in 50 per cent of rats 
subjected to audiogenic convulsions. The factors of asphj’-xia, exercise, anes- 
thesia and cortical topography were not found to contribute to the observed 
changes. These shifts of electroljdes were found to have a duration of less 
than three and a half hours (in the case of rabbits given electroshock convulsions) 
and it is concluded that thej’’ are directly associated vdth neuronal activity. 
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No uniformity of opinion has been attained regarding the action of adrenaline 
on the nervous S 3 ^stem ; this is true both of the peripheral and the central nervous 
system. To refer onty to a few recent investigations, Schweitzer and Wright (17), 
though mentioning a transient augmentation, found that adrenaline predomi- 
nantlj"^ inhibits spinal reflex activitj''; Bonvallet and Minz (2) concluded that 
adrenaline has a depressing effect on the spinal cord but activates the reflexes in 
a mesencephalic or a thalamic animal; Marrazzi (16) described a depression of 
sjmaptic transmission in sjmpathetic ganglia and a reduction of the electric 
potentials recorded from the visual and auditoiy cortex which occurs under the 
influence of adrenaline; Gantt and Freile (12) studying the effect of adrenahne on 
conditioned reflexes saw an impairment bj’’ it of higher nervous function, while 
Ivy and co-workers (14) described an analgesic effect of adrenaline. In contra- 
distinction to these results, Bulbring and Burn (4*, 5) found that adrenaline in- 
creases the stimulating action of acetylcholine on spinal motor neurones, and 
augments transmission of impulses in S 3 mpathetic ganglia. Bulbring and 
Whitteridge (6) described also an increase of the height of action potentials pro- 
duced by submaximal stimuli in the nerve under the influence of adrenaline, and 
Burn (7) speaks of a S 3 mergistic action of acetylcholine and adrenaline in the 
nervous S 3 'stem. 

In the meantime, it was shown b 3 ' Cannon and Haimovici (S), Stavraly (18), 
and Fisher and Stavrak 3 '' (10), that spinal neurones become greatty sensitized to 
chemical stimulating agents after severance of the cortico-spinal tract or removal 
of the motor cortex. If sufficient time is allowed to pass after the operation, such 
partially isolated spinal neurones ma 3 ' be selectiveh’ stimulated b 3 ’ acet 3 dcholine, 
acetyl-beta-methyl-choline, stiychnine, and other agents when the 3 ' are intro- 
duced into the general circulation in sacrifice experiments, in chronic animals, and 
in human beings. The technique of sensitization of the spinal neurones b 3 ' par- 
tial isolation seemed most suitable for a stud 3 '^ of the action of adrenaline on the 
central nervous system, and this was made the subject of the present inves- 
tigation. 

Methods. Two t 3 'pcs of experiments were performed. In one, aseptic 
somiscction of the spinal cord was done between T 1.3 and L 1 vertebrae in 22 
cats, hour da 3 's to five weeks later, the brain and medulla were pithed under 
ether anesthesia, artificial respiration induced, sciatic and obturator nerves cut, 

' Presented in part before the American Pln-siological Society, Federation Proc 5* 100 
194G. 
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and drills screwed into the two ends of the femurs which were fixed in rigid clamps 
so that the bones were held vertically and the legs hung freely. The contractions 
of both quadriceps muscles were recorded by means of threads which were tied 
sjTnmetrically to the lower ends of the tibiae and connected over pulleys with 
two identical crank levers of 2:1 magnification pulling against light springs the 
tension of which with the recording arm horizontal amounted to 10 grams. In 
8 experiments, the innominate arter}^ was cannulated and used for the regulation 
of the blood pressure by a modification of Bayliss’ mercury valve (1) ; the blood 
pressure was recorded from the left common carotid artery bj’’ a mercury man- 
ometer, and adrenaline was injected into the aorta tlirough a cannula placed in 
the left subclavian artery. In experiments in which the blood pressure was 
recorded, preceding the administration of adrenaline 300 cc. of warm Ringer- 
Locke solution containing 3.0 to 5.0 mgm. of heparine per kgm. of body weight 
of the cat were introduced by means of the mercuiy valve through the innominate, 
artei^' into the general circulation. The cat was wrapped in absorbent cotton 
and placed in a box-stand heated by means of an electric bulb. Care was taken 
to allow complete recovery of the spinal animal from ether anesthesia before the 
beginning of the experiment; this took 30 to 45 minutes and- was judged by the 
spread of the knee jerk from the control to the semisected side on tapping the 
patellar tendon on the control side and by the reaction of the preparation to 
injections of acetylcholine or strj’^chnine. However, in many experiments no 
drugs other than adrenaline were injected. 

In another set of experiments, frontal lobectomized and semidecerebrated cats 
were prepared and, .after complete recovery of the animals from the operation, 
intravenous injections of adrenaline Avere repeated once a week or every ten days 
in a manner similar to that described in the case of acetjdcholine (Stavraky, 18). 
In 8 cats, adrenaline Avas injected from the beginning, AA’hereas in 4 additional 
animals sensitization AA^as first assured bj^ AA'eeklj'^ injections of acetylcholine OA’^er 
a period of 4| months, and the action of adrenaline then tested. Two cats Avere 
kept for three years before the adrenaline AA-as tried out. 

Crystalline epinepherine (BDH) and Parke-Davis’ Adrenalin Chloride Solu- 
tion AA^ere used in a 1:10,000 to 1:20,000 concentration, dissolved in mammalian 
Ringer-Locke solution. 

Results. Effects of adrenaline in spinal preparations. Quantities of ad- 
renaline ranging from 0.05 mgm. to 0.3 mgm. AA’hen injected intra-aortalh'^ caused 
marked contractions of the quadriceps on the side of the semisection of the spinal 
cord in 20 out of 22 experiments. ^\Tien a large quantity of adrenaline (0.2 mgm. 
to 0.3 mgm.) AA-as injected for the first time in the experiment (fig. 1) it often 
caused a transient relaxation of the quadriceps AA-hich AA-as folloAA-ed by a sIoav 
tonic contraction. Tilien the preparation was at the height of its sensitivity 
these effects AA-ere accompanied by a flicker, or even a real contraction of the oppo- 
site quadriceps (fig. 2). The response came on usuall}’’ 0-22 seconds after the 
beginning of the injection: the relaxation of the quadriceps AA-hen it occurred 
lasted 7 or 8 seconds and AA-as folloAA-ed bj'^ a contraction of 30 seconds to 2 min- 
utes’ duration. Small quantities of adrenaline (0.05 mgm. to 0.1 mgm. per 
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injection) caused a contraction only on the sensitized side. These contractions 
were less sustained in character and occasionally resembled a clonic movement. 

MTen repeated approximately AAdthin 10 minute intervals, injections of adrena- 
line were effective tAvice, sometimes three times, the contractions groAAdng less 
marked AAith each injection, Avhile the initial relaxation of the quadriceps Avas 
usually absent after the first injection. Further injections failed to produce anj’" 
contractions of the quadriceps on either side in spite of marked effects of adrena- 
line on the systemic circulation. The sensitivity of the preparation to other 
fonns of stimulation AA^as reduced by the injections of adrenaline; hoAA'ever, the 
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Fig. 1. Fig. 2. 

Fig. 1. Effect of adrenaline with uncontrolled blood pressure: An intra-aortal injection 
of adrenaline in a spinal cat S days after right semisection of the cord. NOTE initial relax- 
ation of the quadriceps followed by a contraction, both occurring on the semisected side. 
This is typical of a pronounced effect usually seen on the first injection of adrenaline. (Lt. 
Q. — Left quadriceps, Rt. Q. — Right quadriceps.) 

Fig. 2. Effect of adrenaline with blood pressure stabilized by means of a mercury compen- 
sator: An intra-aortal injection of a solution of crj'stalline adrenaline in a spinal cat 21 days 
after left semisection of the cord. This is the second injection of adrenaline in the experi- 
ment; no other drugs were introduced e.xceptingSOO cc. of heparinized Ringer-Locke solution. 
Note absence of initial relaxation of the quadriceps. 


knee jerks, though reduced, AA-ere usually present and the injections of acetylcho- 
line and other chemical stimulating agents evoked a response from both quadri- 
ceps muscles. The effccth'eness of adrenaline could be greatty augmented, or 
temporarily restored after its stimulating action AA'ore off hy injections of stiych- 
ninc ( 0.03 mgm. to 0.15 mgm. per kgm.), or cocaine ( 5.0 mgm. to 10.0 mgm. per 
kgm.), and occasionally, camphor ( 5.0 mgm. to 10.0 mgm. per kgm.). Picrotoxin 
( 0.03 mgm. per kgm.) A\-as also seen to haA'c a beneficial effect on it. 

There Avas no definite relation betAveen the muscular response and the changes 
in blood pressure caused by adrenaline. In experiments in Avhich the latter Avas 
recorded, the contractions of the quadriceps Avere seen sometimes to precede the 
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rise of blood pressure evoked by adrenaline, and on other occasions to come on 
late, i.e., when the blood pressure w^as declining. As seen in figure 2, in experi- 
ments in Avhich the blood pressure was controlled by a mercur3" compensator, the 
contractions of the quadriceps came on in the absence of any appreciable change 
in blood pressure. Furthermore, after the first injection of adrenaline, raising of 
the blood pressure by rapidly reintroducing the blood from the mercury com- 
pensator, or by an infusion of Ringer-Locke solution produced only a slight 
occasional twitch of the quadriceps or had no effect whatsoever. In spite of this, 
a second injection of adrenaline caused a marked contraction of the quadriceps 
(fig. 2). Late in the experiments, when the blood pressure was low, and the con- 
dition of the preparation was deteriorating, the contractions of the quadriceps 
which occurred after injections of adrenaline were seen to be related to the rise 
of blood pressure, but in view of the failing circulation, this could not be regarded 
as a normal response.. The possibility of a direct effect of adrenaline on the 
muscles was excluded bj'- a temporary clamping of the aorta at the level of the 
bifurcation of the iliac arteries: injections of adrenaline in such experiments were 
found to produce prompt contractions of the quadriceps. On the other hand, 
section of the femoral nerve in the presence of an intact blood suppty to the 
muscles not onty precluded the response, but when carried out during a contrac- 
tion of the quadriceps following an injection of a very large quantity of adrenaline 
(0.3 mgm.) which produced a bilateral contraction of the quadriceps, caused the 
muscle to relax immediately, while the contraction on the other side went on for 
the usual length of time. Nembutal (20.0 mgm. to 30.0 mgm. per kgm. of body 
weight — 0.3 cc. to 0.5 cc. of Abbott Solution) administered intra-arterially 
abolished the response of the quadriceps muscles evoked by adrenaline and even 
when diluted 100 times Nembutal greatly depressed the response, the depression 
being more marked on the semisected side. Ether anesthesia had a similar effect. 

Effects of adrenaline in chronic animals. Intravenous injections of adrenaline 
into unanesthetized semidecerebrated or frontal lobectomized cats led to asjun- 
metrical responses which usuallj’- became apparent 2 to 4 weeks after the opera- 
tion and were most prominent toward the 5th month. In two cats, injections of 
adrenaline jdelded characteristic results three years after the operation. Quanti- 
ties of adrenaline under 0.03 mgm. per kgm. of body weight caused a predominant 
dilatation of the contralateral pupil which was often folloAved bj'' a slight but 
definite extensor rigidity in the contralateral extremities, the latter persisting 
2 or 3 minutes after the injection. Injections of 0.03 mgm. of adrenaline per 
kgm. of bodj’^ weight had the same effect on the pupils but, as shown in figure 3, 
caused initial flexion and weakness of the contralateral extremities: this was 
supervened in 1 or 2 minutes bj’’ extensor rigidity which was more pronounced 
and lasted longer than that observed after smaller quantities of adrenaline. In- 
jections of 0.1 mgm. of adrenaline per kgm. of bodj’’ weight caused a marked 
weakness of the contralateral extremities which lasted about 2-4 minutes. If the 
animal was made to Avalk during this stage, it often had difficulty in overcoming 
the weakness in the front paw and started out with a limp which rapidly improved 
with use of the extremity, but the cat walked raising the contralateral extremities 
high in the air. Regardless of whether the animal used the extremities or not, 
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the stage of flaccidity and weakness was followed by a 2 to 4 minute period during 
which the contralateral limbs liecame hypertonic. In this stage, the front paw 
was usually held out rigidly in front of the body and the head turned to the 
operated side. In the case of large doses of adrenaline, it was occasionally noted 
that in the early stages of the reaction, particularly on exposure to bright liglit, 
the pupil on the side of the operation was larger than the contralateral one; 
towards the end of the response this reversed itself and the pupil on the opposite 
side became markedly more dilated than the one on the side of the operation. 



Fig. 3. An intravenous injection of 0.03 mgm. of adrenaline per kgm. of body weight in a 
cat three j^ears after the removal of the left frontal lobe (including the motor cortex). 

A — 2 minutes after the injection — showung weakness of the right extremities. 

B — 5 minutes 30 seconds after the injection — showing rigidity of right extremities. 

C — C minutes after tlie injection — showing inequality of the pupils: the right being larger 
that the left. NOTE the forward thrust of the rigidly extended right front paw. 

Blanching of the mucous membranes, salivation, occasional ^'omiting, and some 
slight hyperpnea accompanied the response which lasted in sensitive animals 
up to 10 or 12 minutes. 

After the visible manifestations of the injection wore ofT, successive administra- 
tions of adrenaline were almost incfl'cctive. This reduction in tlie .sensitiidtj' 
of the animals to further injections lasted as long as a iveek or 10 days. The 
described pattern of the response was observed in most of tlie injected animals: 
however, in some, the mhibitory clTccts of adrenaline predominated, while in 
others, rigidity came oh quickly and wa.s quite marked. Though slight .spas- 
ticity and c\-en mild convulsions have been described in noi-mal animals on 
injection of adrenaline (Ivy et ah, H) in the present investigation in the cat, with 
the quantities of adrenaline employed, even when the motor effects were most 
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pronounced, they were predominantl3'- unilateral, occurring on the side of the 
bod3’’^opposite to the operation and were most marked in the forelimb. 

Effects of adrenaline after acetylcholine. As the motor manifestations of the 
injections of adrenaline Avere in the second stage of the effect not unlike those seen 
after injections of acet3dcholine (StaA''rak3'-, 18), it seemed interesting to see Avhat 
effect acet 3 dcholine AA-ould haA^e on the action of adrenaline. In 4 cats, acet 3 d- 
choline AA'as injected once a AA'eek until the sensitization AA'as fully developed and 
on the 5th month after the operation adrenaline Avas tried out. All the excitator 3 '- 
effects of the injections of adrenaline AA^ere most pronounced in these animals; 
quantities of 0.05 mgm. to 0.1 mgm. of adrenaline per kgm. of body AA’eight pro- 
duced quite asymmetrical dilatation of the pupils, A'^omiting, extreme blanching 
of the mucous membranes and a A'^eiy marked h 3 ’’perpnea. Then, usually 6 
minutes after the injection, a sudden rapid thnist of the contralateral front paAA" 
and turning of the head to the operated side, or even a general unilateral contor- 
tion similar to the one occurring in the later stages of the acet 3 ''lcholine convulsion 
took place. In one cat in A\-hich both frontal lobes w'ere removed, 0.07 mgm. of 
adrenaline per kgm. regular^ produced a severe generalized conAmlsion AA'ith 
t3’^pical erection of hair, curving of the back, and throAAnng of the front paAA'S oA'^er 
the head. 

Effects of acetylcholine after adrenaline. In a number of experiments simulta- 
neous injections of acet 3 dcholine and adrenaline Avere tried out, but more clear- 
cut effects AA^ere obtained Avhen adrenaline preceded the injections of acetylcho- 
line. Injections of adrenaline under 0.03 mgm. to 0.05 mgm. per kgm. of bod3'’ 
Aveight Avere folloAA'ed in 30 seconds or so b 3 ’- 0.05 mgm. to 0.1 mgm. per kgm, of 
acet3dcholine. In this combination, adrenaline counteracted, or reduced in 
severit3’', the initial generalized convulsion evoked b3’' acet3dcholine, but accen- 
tuated and markedb^ prolonged the secondary’’ contortion. As described in a 
preAuous article, in frontal lobectomized or semidecerebrated cats, injections of 
acet 3 dcholine caused unilateral contortions Avhich occurred on the side of the bod 5 '^ 
opposite to the remoAmd part of the brain (StaAo-ak}’’, 18). In excessh^ety large 
quantities, adrenaline appeared to haA^e a depressing effect on the action of acet3d- 
choline, parti cularb’- if the tAA’o agents were injected together. 

Discussiox'. The results presented aboAm shoAv that an injection of adrenaline 
produces a short initial depression of the partiall 3 ’' isolated neurones of the spinal 
cord folloAA’ed b3’' a marked excitation and later b5'' a more prolonged residual 
decrease of their irritabilit}’'. The sequence of effects brought about b 3 ’- adrena- 
line in these experiments is not unlike that described b 3 '- ScliAA’-eitzer and Wright 
(17) in their stud}^ of the effect of adrenaline on intact spinal neurones; hoAA'ever, 
in their experiments the excitatoiy effect of adrenaline AA'as not marked, and could 
be determined onbv indirect] 3 '^ b}-' its action on the knee jerk. Sensitization of the 
spmal neurones by partial isolation or "deneiwation” increases the excitatory 
effect of adrenaline upon them to a degree Avhere adrenaline actually produces 
muscular contractions Avhich originate on the sensitized side, thus bringing out 
AA'ith great clearness the excitatoiy phase and alloAA'ing for its anal3’'sis. 

As rapid circulatoiy readjustments, particularly elevations of blood pressure, 
are knoAA'n to cause neui'onal discharges, the pressor action of adrenaline had to 
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be excluded as a stimulating factor; this was done by stabilizing the blood pres- 
sure with a mercury valve. Furthermore, the stimulating action of adrenaline 
could not be satisfactorily attributed to its effect on the blood vessels of the 
spinal cord itself. Forbes, Finley and Nason (11) studying the effects of adrena- 
line on intracranial blood vessels saw a contraction of the piab arteries on local 
application of adrenaline, dilatation on intravenous injection, and either effect on 
intra-arterial injection of adrenaline. They concluded that the rise of blood 
pressure evoked by adrenaline may counteract the constriction of the intracra- 
nial blood vessels, but when it is absent the vessels are capable of constriction. 
According to these data it is possible to surmise that in the present experiments, 
particularly in those in which the rise of blood pressure was excluded by means of 
the mercurj^ compensator, intra-aortic injections of adrenaline may have caused 
a vaso-constriction of the spinal blood vessels with a resultant asphyxiation of the 
nenT cells, which could lead to their stimulation. However, in e.xperiments in 
which the mercury valve was not used, adrenaline caused even more marked 
contractions of the quadriceps in the presence of rises of blood pressure. Results 
analogous to those seen on spinal preparations were observed when adrenaline 
was injected intravenousl}^ into frontal lobectomized or semidecerebrated ani- 
mals. Under these experimental conditions adrenaUne should have caused an 
elevation of the blood pressure and a consequent increase of the circulation in the 
central ner\mus system, but in spite of this it produced a marked rigidity in the 
extremities on the side opposite to the operation. 

If the vascular changes do not seem to be able to account for the stimulating 
action of adrenaline, there is a possibilitj” that other factors of an indirect nature 
come into pla}* under its influence. It was shown by Hebb and Stavrakj’’ (13), 
and by Langstroth, McRae and Stavraky (15) that adrenaline greatlj’’. increases 
the peimeability of glandular cells to various constituents of the blood: a similar 
sudden increase of permeability of the spinal neurones to constituents of the 
surrounding medium or to specific components stored at the sjmaptic junctions 
of the neurones may be responsible for the stimulating effect of adrenaline. 
Tiien Torda and Wolff (19) found that, in vitro, adrenaline accelerates the syn- 
thesis of acetylcholine. Isolated neurones are exceptionally, sensitive to this 
agent (Cannon and liaimovici, 8, and Stavrak 3 '-, 18) and it is conceh’-able that an 
acceleration of the sjm thesis of aceljdcholine at sjmaptic junctions maj’’ account 
for the stimulating action of adrenaline. Possibly both an acceleration of the 
s.vnthesis of acet 3 dcholine and a more rapid diffusion of it due to an increase in 
permeability may take place at the same time. However, an altogether different 
mechanism of the action of adrenaline ma 3 - be involved. 

Cannon and Haimm-ici (8) saw under the influence of the semisection of the 
spinal cord, some increase of the senSitivitA’ to acet 3 dcholine of the quadriceps 
muscle itself; this was not so in the case of adrenaline. Section of the femoral 
nerve instantaneously abolished the contraction of the quadriceps muscle evoked 
by adrenaline, while with the nerve intact, and after the abdominal aorta had 
been clamped, thus preventing adrenaline from reaching the muscle, adrenaline 
still produced a contraction of the quadriceps. 

Of interest is the fact that even traces of nembutal and ether reduced or abol- 
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ished the excitatory effect of adrenaline. It is postulated bj’- Bremer (3) that 
nembutal blocks sjmaptic transmission in the spinal cord. Eccles (9) too, sug- 
gests a specific action of nembutal on the sjmaptic regions of spinal neurones and 
on the stability of neuronal membranes as possible causes of a nembutal block. 
This may account for the abolition of the excitatoj-y action of adrenaline by 
nembutal in the present experiments. However, the action of nembutal similarly 
to that of other anaesthetics could be due to a depression of the metabolism of the 
sensitized neurones. In view of the extreme ease Avith Avhich the excitatory 
effects of adrenaline on neurones sensitize bj’’ partial isolation are abolished by 
anesthetics it is quite likely that the action of adrenaline on intact neurones 
would be affected bj'^ them in a like manner. This maj*^ explain Avhy Marrazzi 
(16), Avho carried out his observations on the nerv'e cells while the latter were 
under the influence of nembutal and other anesthetics, saw only a depressing 
effect of adrenaline upon them, whereas Bulbring and Burn (5), working mostty 
on perfused preparations in Avhich the effect of an initial anesthetic had time to 
wear off, Avere able to detect the stimulating effect of adrenaline in e.xperiments 
otherAvise often not unlike those of hlarazzi. 

The bringing out of the e.xcitatoiy effect of adrenaline in chronic animals by 
injections of acetjdcholine carried out oA'er a long period of time is quite remark- 
able. XotcAA'orthy, too, is the increase and prolongation of the action of acetyl- 
choline AA’hich takes place AA'hen the latter is superimposed on the action of 
adrenaline. It is believed that these observations fall in line AA’ith the facts re- 
vieAved by Burn in an article on “The relation of adrenaline to acetylcholine in 
the nenmus system” but as no analysis of the phenomenon AA-as attempted at the 
present time a discussion of these obserA'ations seems unAA'ai'i’anted. Most in- 
triguing is the great reduction and eA’^en absence of the excitatory response to 
adrenaline after the first tAvo or three injections. In chronic animals this AA-as 
even more marked than in spinal preparations and the depression caused by 
adrenaline AA-as seen to persist for seA-eral daj^s, the time coinciding AA-ith that 
indicated by Gantt and Freile (12) in their inA-estigation of the effect of adrena- 
line on conditioned reflexes. 

While the inhibition produced bj'' adrenaline in this stud}-, though increased 
by denen-ation, compares adequately AA-ith that seen by other inA-estigators, it is 
the stimulating action of adrenaline AA-hich is predominantty brought to the fore 
bj' partial isolation of the spinal neurones. With this in mind, and in spite of 
the fact that the quantities of adrenaline emplo 3 'ed are of pharmacological rather 
than of physiological significance, it is tempting to suggest that in certain in- 
stances of increased irritability adrenaline maj^ play a part in the nervous system 
Avhich is consistent Avith the emergency theory of function of the adrenal glands. 

SUMiAIARY AND CONCEUSIONS 

1 . Sensitization of spinal neurones by partial isolation markedly increases their 
susceptibility to injections of adrenaline and alloAvs the A-arious stages of the 
action of adrenaline to be obserA'cd both in sacrifice experiments on spinal cats, 
and in chronic frontal lobectomized or semidecerebrated animals. 
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2. Injected intra-arterially or intravenously in quantities ranging from 0.05 
mgm. to 0.3 mgrn. per injection, adi-enaline, after an initial transient depression 
produces marked excitation of the sensitized neurones, this being followed again 
by a more prolonged decrease of irritabilitju 

3. These effects of adrenaline are not dependent on blood pressure changes 
and, as far as can be judged, are not related to any action of adrenaline on the 
blood vessels of the central nervous system. 

4. In spinal preparations, the stimulating action of adrenaline is augmented 
by cocaine, stiychnine, and other convulsant agents, but is abolished by nem- 
butal and by ether anesthesia. In chronic animals, the stimulating action of 
adrenaline can be facilitated also 1 ) 5 '^ repeated injections of acetylcholine, while 
adrenaline in turn can, in appropriate quantities, increase and prolong the action 
of acetylcholine. 

Mj" thanks are due to Dr. C. G. Drake and to Dr. D. B. Ferguson for their 
helpful co-operation during the progress of this study. 
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Our knowledge of experimental diabetes has been derived largely from obser- 
vations on the depancreatized dog and cat. These two species have been popular 
laboratory test animals and the surgical removal of the pancreas in them offers 
little difficulty. It is interesting then that our concepts of diabetes and of the 
action of insulin should be so greatly influenced by the observations on these 
two carnivorous animals. In the metabolism after pancreatectomy one would 
be Justified in supposing that the dietary habit of the animal might play an im- 
portant role and that one should give as much weight to observations on de- 
pancreatized omnivora and herbivora, as to those on carnivora. Collip, Selye, 
and Neufeld (1), Chapman and Fulton (2), and Alirsky, Nelson, and Elgart 
(3), have studied monke 3 ’-s after pancreatectomj* and shown that the results 
are quite different from those on the cat and dog. Lukens (4) has made several 
observations on the depancreatized goat and found a mild type of diabetes. 
Recently IMirsky, et al. (5) have reported a marked difference in the diabetes 
of carnivorous and herbivorous birds after pancreatectom^^ 

The depancreatized herbivora should be ideal for studying the action of 
insulin, since they can be maintained for man}^ daj's in a stead}’ state without the 
administration of insulin. It is easy to obtain adequate periods with and Avith- 
out insulin in wliich to determine the changes wliich result from the addition 
of this hormone. Such has not been possible Avith the depancreatized carntyores; 
Avithout insulin they do not assume a steadj^ state even for as long as one daJ^ 

The distinctNe metabolic characteristics of carnivores AA’lien depancreatized 
and not gRen insulin are: 1. The inability to maintain bodj'' AA’eight on a car- 
bohj^drate diet. 2. During fasting a production of glucose bj’ the liver that is 
greater than the utilization of the tissues, so that glucose is continually excreted 
in the urine. 3. Large production of ketone bodies during fasting and usualty 
even Avhen given food. 

In the attempt to explain these findings, certain Avriters (G) in the past had 
developed the theoiy that insulin is necessaiy for the oxidation of glucose. 
Othei’s (7) explained the results on the basis of the theoiy that insulin inhibits 
OA^er-production b\’ the liver of glucose from protein and fat. It is pertinent to 
consider these theories in connection AA'ith the findings in herbiA’ora from Avhom 
the pancreas can be removed as completelj’ as is the case AA’ith diabetic carni- 
A’ores. 

Methods. The surgical procedures required for pancreatectom}’ in the rabbit 
haA’e alread}’ been described (8). Instead of the three stage operation AA’hich 
was used at that time, it has been found possible to remove the entire pancreas 
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in one stage, providing the rabbit has been fasted about four days. Rabbits 
weighing about two kilos are liest suited for this purpose. The diabetic rabbit 
which is not receiving any insulin is subject to staphjdococcus infections, death 
usually resulting from extensive collections of pus radiating from the surgical 
wounds causing peritonitis, subphrenic abscesses, or empyemas. Therefore, 
it is desirable to start injections of insulin as soon as the animal is eating well. 
The amount of insulin administered must be carefully controlled to prevent 
hypoglycemia and death, particularly ivhen using protamine zinc insulin. 
Plain insulin may be used quite safely, but requires frequent injections. Rab- 
bits about one week after the operation wliich are eating well, requhe six to twelve 
units of protamine zinc insulin daily to keep glycosuria at a low level. 

Pancreatectomy in the goat. (The animal should be fasted for 24-36 hours 
before operation in order to have the stomach as small as possible.) Intra- 
venous nembutal, 0. 5-1.0 grain per 5 lbs. body weight was used as a basic anes- 
thetic. During the operation a small amount of ether was given by mask to 
keep the animal at the desired l^vel of anesthesia. After opening the abdomen 
through a mid-line incision, the great omental sac was opened, the large stomach 
retracted, and the pancreas exiiosed in the region of the portal vein. Usually 
the removal of the gland was begun at the head end and consisted essentially 
of careful dissection along the portal vein to prevent sectioning of blood vessels. 
Smaller veins coursing through the pancreas from abdominal viscera' and vessels 
supplying the pancreas were, of course, ligated as found. Location of the common 
bile duct was accurately determined to prevent possible ligation. The abdominal 
incision was closed by several layers of silk sutures. No outside dressing or 
support was required. Recovery was usually rapid and within a week or two 
the depancreatized goat was ready for experimental observation. Administra- 
tion of 10-20 units protamin in insulin daily was used postoperatively to aid 
recovery processes. 

Results. Maintenance of body weight on carbohydrate diet. Tables J and 2 
gi\-e the weight changes for the rabbit and goat respectively when on a hay 
and alfalfa diet. There is a weight loss in all cases when not given insulin and 
when insufficient insulin is given. The results indicate tliat these animals 
arc not quite able to maintain a steady state on a carbohydrate diet. The 
depancreatized rat can do so (9). This latter preparation can maintain a 
constant weight by virtue of a prodigious consumption of a diet of high sugar 
content; on a high fat diet it can maintain itself with ease. It is likely that the 
rabbit and goat could also maintain a steady state if they could consume propor- 
tionally large amounts of carbohydrate in such concentrated form as is po.ssible 
with the rat. It is difficult to carry the.se animals for a long period without feed- 
ing bulky food .such as hay or alfalfa. We were unsuccessful in finding any high 
fat diet which these animals could be induced to take. 

We were able, in some animals, to administer a high sugar intake either by 
feeding a sugar solution by stomach tube or by teaching the animal to drink the 
solution in large quantities. The following obseiwations are suggestive in this 
connection. A depancreatized goat was fasted for several days, the blood sugar 
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fell and glycosuria ceased. The introduction of 100 grams glucose (10 per cent 
solution in water) into the stomach caused an elevation of the blood sugar to 
over 200 mgm. per cent and glycosuria. After 48 hours the blood sugar returned 
to normal, but only 40 per cent of the administered sugar was found in the urine 


TABLE 1 

Weight changes in diabetic rabbits on hay and alfalfa diet 




AVERAGE DAH-V 

i WEIGHT CHANCE FOE PERIOD 

RABBIT 

PtlRATION OF PERIOD 





IKSOEIN UMlTiS 

Loss 

Gain 


days 

! 

gm. 

gm. 

A 

9 

' 0 

100 



12 

6.3 PZI 


395 

F 

12 

0 

150 



6 

5 PZI 

1 


30 

G 

9 

1.7 plain 

85 



6 

4.6 PZI 


50 

H 

30 

0 

490 



7 

1 3.5 PZI I 

1 1 


• 170 



TABLE 2 



Weight changes in 

diabetic goats on hay and alfalfa diet 

1 

1 

1 

1 WEIGHT CHANCE FOE PERIOD 

COAT 

DONATION OF PERIOD 

AVERAGE DAILY 



INSULIN UNITS 

Loss 

Gain 




days 


kgm. 

! kgm. 

1 

39 

0 1 

0.4 



7 

36 PZI 


3.1 

2 

26 

1.3 PZI 

0.1 


3 

4 

37 plain 

0.5 

0.3 


12 

9.2 PZI 



30 i 

12.0 PZI 


3.1 

4 

39 

0 

0.7 


5 

17 

0 

0.5 



Similar e.vperiments with sucrose showed a utilization of GO-70 per cent. In 
another series of experiments in which the goat was fed alfalfa and given sucrose 
solutions to drink, carbohydrate utilization ran around 75-80 per cent. 

Tables 1 and 2 show that these animals will gain in weight if thej" are given 
adequate insulin and the activity of it is spread out bj^, protamine. Plain insulin 
docs not effect this since the duration of activity of an ordinary dose is only 
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3 to 6 hours (10) and although the animal might gain some weight during this 
period it would probably be lost again during the time the animal would be mth- 
out insulin activity. 

Ghiconeogenesis durmg fasting. To study this factor, urine nitrogen and sugar 
were determined during fasting in depancreatized and in normal control goats. 
Tables 3 and 4 give these findings. During the first few days of the fast, the dia- 
betic animals excrete the excess sugar that is present in their bodies at the time 
food is withdrawn (this includes considerable carbohydrate in the gut that 
takes some time to be assimilated). Thereafter the tissue utilization keeps pace 
vith the new glucose formation so that the blood sugar level is normal without 


TABLE 3 

Diabetic goat no. X— fasting 


DAY 

■WEIGHT 

tmiNE VOL. cc. 
VOIDED 

■DHINE SDGAH 

UKINE N CM. PEE 
KGlt. PEE DAY 


ter". 



mKm 

1 

17.7 

1050 

15.9 


2 

16.7 

175 

0.0 


3 

15.6 

75 

0.0 

0.07 

4 

14.5 

130 

0.0 

O.IS 

5-6 

13.6 

290 

0.0 

0.25 


TABLE 4 


Goats—fasting urinary nitrogen 


KOEUAL 

DIABETIC 

Acitnal 

Days of fast 

1 Urinary N gm. 

1 per kgm, per day 

Animal 

Days of fast 

Urinary N gm. per 
tgm. per day 

A 

3-6 

■H 

X 

5-9 


B 

6-S 


X 

4-7 


C 

2-10 

mmm 

c 

1-5 

0.125 

Average 

0.12S 

1 


0.105 


any urinary glucose excretion. The urinary nitrogen of the diabetic animals 
parallels that of the controls, decreasing during the first two or three da 3 '^s, then 
staying relatively constant for several daj's and finally rising again as the fat 
stores of the body become exhausted. The diabetic animals showed this second- 
ary rise sooner than controls because they usually had low fat stores. 

Over-production of kclonc bodies. Occasional tests for acetone in the urine 
were carried out. These were usually negative when the animal was receiving 
insulin and were never strongh' jiositive when the animal Avas not getting insulin 
even when fasting. Five diabetic goats were followed in this regard. During 
the fasting period of one goat, ketone bodies disappeared entirelj’- from the 
urine. 
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Discussion. Present day theory of insulin action as presented in modem 
textbooks is viewed either as concerned -with oxidation of glucose or vdth prevent- 
ing over-production of this substance. Neither of these receives support from 
results in the depancreatized herbivora. Indeed, if this type of animal had been 
that which the first investigators had used instead of the dog, it is unlikely that 
such actions would ever have been suggested. The amount of carbohydrate 
which we have found the goat and rabbit able to utilize is sufficient for the meta- 
bolic needs of the animal, so that the lack of insulin does not lead to any insuf- 
ficiency of glucose oxidation. Other means of disposal of glucose than that 
mediated by insulin must be present in the body. The tissue glucose utilization 
of the fasted animal supplies only some 20 per cent of the total fuel needs (11). 
This utilization is increased by feeding (12). Our results indicate that in the 
depancreatized goat fed carbolyffirate this is increased to such a degree that near- 
ly all the energy needs of the body are supplied by carbohydrate. This is accom- 
plished vdthout the aid of insulin and suggests that there are other hormones 
regulating “immediate” glucose utilization. 

On the other hand, there is no evidence of over-production of glucose as is 
apparent from the fact that the blood sugar of the depancreatized goat becomes 
normal when the animal fasts. The fact that this animal did not gain weight 
when not given insulin and since it did so when given insulin, emphasizes the 
important function of insulin in promoting the storage of carbohydrate. In- 
deed, in the goat this seems to be practically the only use of insulin: to store 
food largely as fat at times when the animal has a large intake of carbohydrate. 
This effect of insulin is its chief action in the depancreatized rat (9). Our 
results suggest that in the absence of insulin, carbohydrate cannot be utilized 
by the pathway: first by conversion to fat and then oxidation of this fat. It 
follows that the other hormones regulating glucose utilization mentioned above 
are concerned with the direct oxidation of it and not in its conversion to storage 
substances like fat. 

The large difference between herbivora and carnivora after pancreatectomy 
is of interest. The depancreatized goat and rabbit do not produce an excessive 
amount of ketone bodies when fasting. In these animals, insulin is not neces- 
sary to prevent ketosis. One is therefore not justified in making any general rule 
for all vertebrates to the effect that insulin is necessary to hold in check an innate 
tendenc 5 ’^ to over-produce these substances. Insulin seems to have such a func- 
tion in carnivora, and hence there must be some special action of this honnone in 
these animals, probably involving the relationship of insulin to another endocrine. 
The ketogenic hormone of the anterior pituitaiy comes to mind in this connec- 
tion. Could insulin exert its effect in the carnivora by antagonizing the ketone- 
body producing process under the control of ketogenic hormone? Price, Cori, 
and Colowick (13) have shown that insulin can reactivate hexokina.se previously 
inhibited by anterior pituitary extract. By analogj’’ Ave may consider the pos- 
sibility of a direct action of insulin on the ketone body producing process (rather 
than an indirect action on the anterior pituitarj^ itself, which would' alter the 
rate of secretion of ketogenic hormone). The relationship is not a simple one. 
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since increased insulin activiW may lead to hypoglycemia which can cause 
ketosis (14). 

In a similar fashion we may say that insulin is not universally necessary to 
combat a tendency to excessive breakdown of tissue protein, since the fasting 
depancreatized goat shows a nitrogen catabolism which is normal. In the fasting 
depancreatized carnivora, insulin would likely have its action in combating the 
excessive protein catabolism by opposing some hoimone such as that found in 
adrenal cortex extract. 


SUMMARY 

The depancreatized goat and rabbit are proper preparations for the stud}’' of 
insulin action in the body. This is because they can maintain a healthy steady 
state when not given insulin, so that with them suitable control periods can be 
obtained that can be compared with periods during which insulin is administered. 
Such a contrast cannot be obtained udth the depancreatized dog or cat. If 
insulin is withheld from the depancreatized herbivora, there is no lack of utiliza- 
tion of glucose for current metabolic needs, and during fasting, there is no ex- 
cessive breakdown of bodj’^ protein or over-production of ketone bodies. 

In depancreatized carnivora, insulin is required to combat these disturbances: 
this indicates that other hoimones are involved in the production of these con- 
ditions in these species. 

The only apparent function of insulin in herbivora is that of mediating storage 
of carbohydrate. 
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In ajprevious paper (1) two of the present authors described a simple technique 
for studying the blood flow pattern in the arteries of the dog and cat. Evidence 
was given for the streamline nature of the flow in the arteries, and the probable 
streamline nature of the flow at the aortic orifice. The present paper represents 
a continuation of that study. Opportunity will also be taken to answer certain 
theoretical criticisms made of the earlier paper. 

Methods. Observation of the blood flow in the lower abdominal aorta of the 
cat has been improved by the use of a Incite rod, flattened at the end, and bent 
into the form of a trench, in which rests a glass segment inseited into the' blood 
vessel. Light from a ribbon filament Bausch and Lomb microscope lamp was 
transmitted down the Incite rod, yielding better illumination of the blood flowing 
through the glass segment than had previously been achieved. 

Measurement of the distribution of injected India ink in the blood of various 
arteries of the cat was accomplished by the use of a Coleman spectrophotometer. 
Samples of blood were drawn simultaneously from different arteries while ink 
was being injected at some point upstream, and after suitable dilution with dis- 
tilled water, the transmissions of the several blood samples to light of 6000 
Angstrom units were compared by reference to a distilled water standard. It 
was anticipated that the streamlining of the ink flow might be reflected in un- 
equal distribution of the ink to main and tributaiy arteries, and such proved to 
be the case. 

Results. WTien ink is caused to flow from a fine needle into the lumen of a 
glass segment inserted into the lower abdominal aorta, it assumes the form of a 
filament which sweeps down the blood vessel. This filament is formed whether 
the tip of the needle is pointed upstream or downstream. The formation of the 
filament clearly reflects the streamline nature of the blood flow. Individual 
particles of ink do not exhibit radial motion except under conditions of obvious 
turbulence, such as when a thrombus forms in the glass segment, resulting in 
violent eddy foiTnation. It should be emphasized that under the conditions of 

^ Supported, in part, by a grant from the Life Insurance Medical Research Fund. 
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these experiments (deep anesthesia, open chest) the dynamical state of the blood 
flow in the lower abdominal aorta is very far indeed from being at a critical point 
as regards transition from laminar to turbulent flow. 

It was possible, by this method of direct observation, easily to confirm the 
flnding of Broemser (2) that there is a retrograde movement of the blood in the 
abdominal aorta during a brief portion of the cardiac cycle. Individual particles 
of ink show tins reversal in direction of movement. No attempt was made, 
however, to relate closely the period of retrograde movement to a particular 
part of the cardiac cycle, nor to determine its exact duration. It is remarkable 
that even during this retrograde phase of movement of the blood, the particles 
of ink still show no radial motion, i.e., turbulence does not occur to any appre- 
ciable degree. 

Table 1 shows the distribution of ink in various arteries after injection of the 
ink at some point upstream. The figures are percentage transmission of the 
blood samples to light, against a reference standard. A lower figure therefore 
represents a higher concentration of ink. The data are based upon observations 
in nine cats. The control figures refer to blood samples taken from various 
arteries after ink had been injected, and ample time allowed for re-circulation. 
The column of differences has been added to facilitate comparison of the several 
sets of data. 

Discussion. A statistical analysis of the data in table 1 is presented below. 
The test used is that designated number 194 in Neyman and Pearson’s On the 
problem of the most efficient tests of statistical hypotheses (3). The data on the 
coeliac artery and the abdominal aorta above the renals have not been used in 
the following presentation. 

We have two supposedly normal populations with true means a and standard 
errors a, say Pop.i with ai and vi, and Pop." Avith and vo, and a sample of ni 
from Pop.i and of ih from Pop.a. We may test (the null hypothesis) ci = trz, 
with the common value unspecified. As allowable alternatives ai and a^, can 
have any values, equal or not, and 02 > <n. 

Pop.i is the control group (711 = 5). 

Pop .2 will be the various experimental groups. 

Let 


1 

«« jV=l 
1 ni 

4 = ^ Z Or, 

j— 1 


- xS- 


and 


u 


■H2S2 


riisl -f- 712 si 


where .Ti is the mean, f refers to the particular population, ar.y are the j differences 
in tlie 7 population, s, is the standard deviation of population i, and 7 / is the test 
statistic. 



54 


RALSTON, TAYLOR AN© ELLIOTT 


TABLE 1 

Inequalities in the arterial distribution of injected ink 


SITE or INJECTION 

PEE CENT TRANSMISSION OP BLOOD PROM 

DtFKEEENCES 

Abdommal aorta, 
below renals 

Renal artery 

Coeliac artery 

Left ventricle 

32.0 

29.0 


3.0 


5S.5 

59.0 


0.5 


49.5 

51.5 


2.0 


62.5 

63.5 


1.0 . 


27.5 

28.5 


1.0 

Root of aorta approxi- 

45.0 

41.0 


4.0 

matelj' 1 cm. beyond 

30.0 

32.0 


2.0 

aortic valve 

23.5 

19.0 j 


4.5 


31.5 

29.5 


2.0 


9.0 

11.0 


2.0 


5,0 

6.0 


1.0 


39.0 

36.0 


3.0 


20.0 

19.0 


1.0 


S.5 

5,5 


3.0 


47.0 

20.5 


26.5 


30.0 


28.5 

1.5 

Descending thoracic 

33.0 

39.0 


5.5 

aorta 

56.0 

56.0 


0.0 


52.5 

40.0 


12.5 


47.0 

27.5 


19.5 


35.0 


34.0 

1.0 


23.0 

37.0 


14.0 

Abdominal aorta above 

51.0 

60.5 


9.5 

renals 





Controls 

48.5 

48.5 


0.0 


49.5 


50.0 

0.5 


53.0 

53.0 


0.0 


61.5 

60.0 


1.5 


65.0 

64.0 


1.0 


71.0 

71.5 


0.5 


Then we reject the hjTiothesis ci = <t 2 if « > where w, is determined from 
the incomplete Beta function: 


e 



Tij— 3 3 

M - (1 — «) ' du 


no— 3 ni-~3 

XI - (1 — «•) - du 


with e the level of significance, which is taken as 0.05, i.e. the probability of re- 
jecting the hypothesis o-j = o-o -if it is true is 0.05. 
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Case 1. Injection into left ventricle. 

xi = 0.4 
TiiSi- = 2.7 
m = 5 
$2 = —0.3 
R2S2" 14 . 8 


722 = 5 
= 0.846 
72o.05 — 0.865 
pu = 0.064 


where pu is the probabilit}’’ of getting a difference in variability as great as that 
observed if there is no actual difference, no assumption being made about the 
values of means, uo.os is greater than ii, so this is not a significant difference at 
the 0.05 level, but would be at the 0.10 level. 

Case 2. Injection into root of aorta. 

7in = 10 u = 0.9957 

X2 = 3.9 7<o.o5 = 0.931 

n.s2r = 618.4 Pu = 0.0005 

I 

so this is a significant difference at any level. 

Case 3. Injection into the descending thoracic aorta. 


722 = 5 12 = 0.9963 

X2 = 2.5 720.05 = 0.865 

72252" = 732.5 pu < 0.0002 

so this is a significant difference at any level. 

The results of the foregoing analysis may be siunmarized as follows: 

1. When the injection is made just beyond the aortic valve, the differences 
in distribution of the ink to the lower abdominal aorta and renal arteiy are statis- 
tically highly significant. 

2. IrWien the injection is made into the descending thoracic aorta, the differ- 
ences in distribution of the ink to the lower abdominal aorta and renal arterj’- are 
statistically highly significant. 

3. When the injection is made into the left ventricle, the results are of border- 
line significance. That is to say, the differences are not significant if a level of 
significance of 0.05 is used, but are if 0.10 is used. 

The data are ( onsistent with the conclusion that the blood flow close to the 
aortic valve, and throughout the aorta, is laminar, but as we emphasized in our 
original paper (1), nothing short of direct visualization of the blood flow at every 
point can decisively establish this point. The borderline results of the ventric- 
ular injections perhaps may suggest incomplete mixing in the left ventricle. 

Perusal of table 1 will show that it is impossible to predict the exact manner 
in which injected ink will be distributed to different arteries. This fact may be 
due to a variety of circumstances, chief of which, probably, aie the position of 
the needle during injection, and the variability in size and angle of branching of 
the tributarj' arteries. Thus the renal arter}' is sometimes large and somethnes 
small, and may be double. The angle which it makes inth the aorta is subject 
to considerable variation. 
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Visscher and Hemingw’^ay (4) have criticized certain statements made by two 
of the present authors in an earlier paper (1). These criticisms be presented 
in full; 

1. “However the above authors fail to state that their calculations are valid 
only for instantaneous velocities. Aetualty during the course of a single ejec- 
tion phase a time-velocity function must be considered, as was pointed out by 
Katz.” 

2. “Unfortunately, Ralston and Taylor stated that in calculating cardiac 
Avork 'the classical (frictionless flow) formula should be used when the flow is 
knoAvn to be turbulent.’ This assertion ignores the fact that AA'hen flow is turbu- 
lent the energy cost of gh’ing forward A^elocity is greater than the kinetic energy 
of fonvard movement, because in turbulence a large share of the energy expendi- 
ture is dissipated in rotational moA^ement. It is preciselj’’ because extra energy 
must be supplied to overcome the increased resistance due to turbulence that 
conditions that cause turbulence raise the work of the heart. Thus, although it 
is roughly true that the kinetic energy of forAA^ard motion in turbulent Aoaa’' is 
approximately i mv", it is an error to suggest that the work of the heart may be 
measured by that expression AA’hen Aoaa' is turbulent.” 

The first criticism may be ansAA’ered by stating the fact that in the earlier 
paper (1) particular reference aa-rs made to the more refined integral formula of 
Katz, it being merely pointed out that since the kinetic energy term in laminar 
floAA' is approximately tAAuce that in turbulent Aoaa', the summation implied by 
the integral must omit the factor |, since each term of the sum will differ by that 
same factor. 

In the second criticism, certain principles of fluid mechanics haA^e been OA'^er- 
looked. Many years ago the British engineer Reynolds, cited by Bingham (5), 
shoAA'ed that the pressure gradient in fluid Aoaa" is proportional to the mean A^eloc- 
itj’- raised to some poAver, this poAA’er being 1 for laminar floAAf and approximately 
1.7 for turbulent floAA^ The pressure- velocity relationships are therefore quite 
different in laminar compared AAdth turbulent Aoaa'. The usual approximate 
formula for the AA'ork of the heart includes both a pressure term and a velocity 
term, and it is the sum of these AA’hich measures the A\’ork of the heart. The fact 
that the kinetic energy term in laminar floAA' is approximately tAAdce that in 
turbulent Aoaa' therefore should cause no anxiety. 

It must be freely admitted that the kinetic energ 5 ' term in laminar floAA’ is 
alAA'ays so small compared A\'ith the pressure energy term that it may be neglected. 
For tins reason aa'c do not AA’ish imduty to insist upon the use of the reAosed 
formula Avhen the Aqaa’ is knoAvn to be laminar. It is of gi-eat importance, ho\A'- 
ever, that the dynamical pattern of the blood Aoaa’ be kept clearly in mind in 
studies on the circulation. When Stan- et al. (6) foimulated the theory of the 
ballistocardiogi-aph, they used the data of Machella (7) on the blood floAV veloci- 
ties in the aorta of the dog. IMachella calibrated liis measuring device by deter- 
mining the rate of volume floAv of blood from the A^essel and dividing this bj' the 
cross-sectional area of the himen, thus obtaining the mean linear A'elocity. 
Under the conditions of the calibration, howeA-er, the A’elocity pattern must haA^e 
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been very different from that obtaining mtbin the intact vessel. With such a 
mode of calibration, one could only be justified in saying that the blood flow in 
the intact vessel behaved as though it had a certain mean velocity. The situa- 
tion is exactly analogous to that occurring in radiation studies, where a radiation 
known to be heterochromatic is assigned a single “effective” wave-length, on the 
basis of its having absorption characteristics like those of a monochromatic radia- 
tion of that particular wave-length. It is extremely suggestive that Machella 
noted in his paper that, for a given mean velocity, the cooling powers of blood 
and water were not at all what one would expect from their respective specific 
heats, and suggested that viscosity might be an important factor in producing 
these differences. 


SUMMARY 

1. Observation of the movement of particles of ink in a glass tube inserted 
into the lower abdominal aorta of the cat shows that the flow is streamhned 
under the conditions of the experiments. Broemser’s finding of a retrograde 
movement of the blood during a brief portion of the cardiac cycle is confinmed. 

2. Evidence is given that ink injected into the root of the aorta near the aortic 
orifice, or into the descending thoracic aorta, may be unequally distributed to 
tributary arteries. These findings are consistent with earlier e^ddence for lami- 
nar flow in the aorta. 

3. Certain criticisms of an earher paper, pertaining to the revised foranfla for 
the work of the heart, have been discussed. 

4. Tlic importance of recognizing the djmamical pattern of the blood flow in 
studies on the circulation has been emphasized. 
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Clarification of the problem of plasma prothrombin stability was the primary 
puipose of this stud 3 ^ Evidence is presented indicating that oxalated bovine 
plasma stored at 5°C. retains most of its prothrombin activity for several weeks. 
The evidence is based upon prothrombin anatyses made bj’’ the quantitative 
2-stage method of Warner, Brinkhous and Smith (11, 12). It is suppoited bj’’ 
prothrombin isolation experiments. In addition, stability studies made with 
purified prothrombin preparations are included which provide substantial 
evidence that o.xalated bovine plasma contains prothrombin stabilizing factors. 

' A number of investigators (6, 8, 9, 14, 16), all of whom used the 1-stage method 
of Quick (7) for measuring prothrombin time, have concluded that prothrombin 
disappears rapidly from blood or plasma which is stored at low temperatures. 
Page and de Beer (6) found an increased prothrombin time in human plasma 
stored for 1 hour at 5°C. Quick (8) reports that he has repeatedlj-^ found a 
reduction of prothrombin in oxalated blood when stored for 24 horn’s in an 
ordinaiy refrigerator. The losses occasionally amounted to as much as 50 per 
cent. Rhoads and Panzer (9) concluded that “bank blood” was no longer a fit 
source of prothrombin after 3 days at 4°C. Other workeis (1, 3), using the 
1-stage method, found good prothrombin stability for several days in blood 
stored at low temperatures. 

Reports of prothrombin stability in preserved blood have been made by 3 
groups of workers where both the 1-stage and the 2-stage methods of anatysis 
were used. Each group found good protlirombin stability using the 2-stage 
method. Lord and Pastore (4), using the 2-stage method, found 80 per cent of 
the prothrombin remaining in bank blood after 9 da 3 "S at 2 to 4°C. Sixty-one 
per cent of the activity could still be accounted for, at the end of 3 weelcs. The 
1-stage method showed a 77 per cent loss within 6 to 8 days and 86 per cent at 
the end of 3 weeks. Ziegler, Osterberg and Hovig (15) reported a decrease with 
the 2-stage method in the prothrombin titer of banked blood to about 70 per 
cent of the initial value in 14 days and to 42 per cent in 37 days. In this study 
they found an increase in prothrombin time vdth the 1-stage method from 18 to 
29 seconds after 37 da 3 ''s’ storage. In citrated human blood stored at 3 to 5°C. 
Warner, DeGowin and Seegers (13) found 70 per cent activity at the end of 3 
weelvS (2-stage). The other method showed a greater loss but no instances were 
found in which the prothrombin value fell to less than 40 per cent of the control 
level during 3 weeks of storage. 

It is not logical that the 2-stage method would reveal greater amounts of , 
prothrombin than actually exist. Since the 1-stage method usualty indicates 

^ Aded by a grant from the National Institute of Health. 
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the lower values alter storage it may be presumed that this method is in error 
because it is dependent upon a number of variables which themselves are altered 
by storage. Based on this reasoning it may be concluded that protlrrombin is 
relatively stable in blood or plasma under normal storage conditions. It has 
been possible to support this conclusion uath other evidence which is included in 
this report. 

Methobs. Bovine plasma. Bovine blood was obtained at the slaughter 
house where one volume of anticoagulant (1.85 per cent KiiC204-H20 + 0.5 
per cent H2C2O4 -21120) was thoroughly mixed with 16 volumes' of blood. As 
soon as possible the plasma was separated by centrifugation and either used 
immediately or stored at — 30°C. 

Purified prothrombin. The piuified protln-ombin products used in these 
experiments were prepared according to the methods described by Seegers, 
Loomis and Vandenbelt (10). 

Imidazole buffer. One and seventy-five hvmdredths grams of imidazole (East- 
man Kodak) were dissolved in 90 cc. of 0.1 N. HCl. The pH was adjusted to 
7.25 vdth concentrated HCl or NaOH and the mixture was then diluted to 100 cc. 
voliune with water. 

Prothrombin analysis. The method of Warner, Brinkhous and Smith (11, 12) 
was used both for plasma prothrombin assay and for the prothrombm products. 

Experiment.al. Stabilily of plas7na prothrombin. Four samples of fresh 
oxalated plasma, each from a different cow, were placed at 5°C. Prothrombin 
analyses were made at intervals for 80 days. The results are presented in figure 
1. Approximately 90 per cent of the prothrombin activity remained after 2 
weeks’ storage. The prothrombin titer continued to decrease slowly for the 
remainder of the study. In 2 of the plasma samples 55 and 40 per cent of the 
activity was present after 80 days of storage, in spite of the fact that some 
bacterial decomposition had taken place as indicated by strong odors. 

Stability of prothrombin in reconstituted dried plasma. Kazal and Arnow (2), 
using the 1 -stage method, reported that drying of plasma from the frozen state 
does not destroy prothrombin but that it is necessaiy to reconstitute with dis- 
tilled water and CO2 to pH 7.2 in order to obtain a solution in which prothrombin 
is stable at room temperature for 24 hours. In view of their results and the 
fact that we have often had difficulty drying purified prothrombin, we coh- 
clucted the following experiment. 

A 25 cc. portion of pooled oxalated bovine plasma was diied from the frozen 
state and reconstituted the following day with distilled water plus 1 cc. of 
imidazole, buffer. One cubic centimeter of buffer was added to a 25 cc. control 
plasma sample which had not been dried. The pH of the dried reconstituted 
plasma plus imidazole was 7.9; that of the unaltered plasma plus imidazole was 
7 .3. The results (fig. 2) show that there was a loss of approximately 10 per cent 
of tlie lu-ollirombin activity in both the unaltered and in the dried reconstituted 
plasmas after 26 days of storage at 5®C. 

Stability of purified prothrombin. Prothrombin product number 8 described 
by Seegers, Loomis and "imndenbelt (10) is prepared by acetic acid precipitation 
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from diluted plasma, adsorption on magnesium hydroxide and elution with CO 2 . 
These products are not as stable as native plasma prothrombin although they 
rarely show much loss in activity at room temperature within 24 hours. How- 
ever while standing for several days at room temperature small quantities of 
thrombin appear and then the prothrombin disappears rather rapidly. It has 
been shown b}'' Mertz, Seegers and Smith (5) that potent thrombin preparations 
inactivate prothrombin. 

Stored plasma as a source of proihromhin. If stored plasma contains as much 
prothrombin as indicated by the 2-stage analytical procedure it should be possible 
to separate this prothrombin by suitable isolation techniques. Prothrombin 
product number 8 has been prepared exactly as described elsewhere (10) from 
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Fig. 1. Stability of prothrombin in 4 samples of o.xalated bovine plasma stored at 5® C. 


identical quantities of pooled plasma, part of which was frozen immediately after 
collecting, and the remainder stored at 8°C. for 18 da 3 ’^s. The frozen plasma, 
stored at — 30°C., showed no loss of prothrombin activity after thawing, but 
in the plasma stored at 8°C. the prothrombin concentration dropped to 71 
per cent of the original during the 18 da 3 ' period. As shown in table 1, the two 
prothrombin products were obtained in almost identical percentage jdelds. 
This experiment dispels an}' doubt, not only as to the actual presence of pro- 
thrombin in the storage plasma but also shows that the 2-stage method of 
analj'si.s gave a true indication of the actual quantity present. The stability 
of both these prothrombin products was the same. 

Slhhihty of prothrombin products with high specific activity. Wdien prothrombin 
product number 8 is further purified b.v means of (NID^SOi fractionation and 



STABILITY OF PROTHROMBIN 


61 


subsequent dialysis, as described by Seegers, Loomis and Vandenbelt (10), the 
resulting product possesses very poor stability characteristics in physiological 
saline solutions. At room temperature there is usually a rapid loss of activit 3 '- 
during the first few hours. The rate of destruction decreases with time so that 
after several days some activity still remains. 

When these purified products are dried from the frozen state and dissolved 
in oxalated plasma our data indicate that the}’’ are as stable as native plasma 
prothrombin. Therefore, oxalated plasma contains factors which contribute 
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Fig. 2. (Top, left) Stability of protlirombin in dried oxalated bovine plasma restored and 
kept at 5° C. 

Fig. 3. (Top, right) Stability, at room temperature, of purified prothrombin with high 
specific activity. 

Fig. 4. (Lower, left) Stabilitj', at room temperature, of purified prothrombin of high 
specific activitj' when added to oxalated bovine plasma. 

Fig. 5. (Lower, right) Stability, at room temperature, of purified prothrombin of high 
specific actixdty when mixed with 30 per cent plasma, and when mixed with 30 per cent 
plasma plus sulfanilamide. 


to the stability of prothrombin. Figure 3 illustrates the stability' of such a 
purified prothrombin product, at room temperature, in 100 per cent plasma and 
in ph.vsiological saline solution. The oxalated plasma solution retained its full 
activity for 22 hours in spite of the fact that this prothrombin product was 
exceptionally unstable in ph\'siological saline. The e.xperiment Avas arranged 
so that the plasma itself would contribute only about 5 per cent of the total 
prothrombin activity. It is of interest that small amounts of thrombin appear 
in the saline solution on standing. Originally the purified product contained 
2 units of thrombin per cubic centimeter or slightly less than 0.04 per cent of the 
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total prothrombin units. This quantity of thrombin increased 8-fold after 5 
hours and 22-fold at the end of 22 hours. If thrombin was formed in the pres- 
ence of the plasma it was inactivated hy antithrombin since a detectable amount 
was not present at the end of the period. 

It is known that certain thrombin preparations inactivate purified pro- 
thrombin (5). This proposes the question as to whether prothrombin stability 
in plasma is due only to the action of antithrombin which rapidly removes 
traces of thrombin impurities. That antithrombin is not the principal stabilizer 
is indicated by the data summarized in figure 4. The same prothrombin product 
used in the experiments illustrated in figure 3 was dissolved in saline solutions 
containing varjdng amounts of oxalated plasma. There was never any 
detectable thrombin in the samples containing 5 per cent plasma or more, but, 
nevertheless, with dilution the plasma became progressivety less effective as 
a stabilizing agent. In the sample containing 2 per cent plasma there were 
7 xmits of thrombin after the 30 hour period at room temperature. 

In figure 5 additional stability data are presented. The 30 per cent plasma 
showed good stabilizing properties for 24 hours at room temperature. At 
72 hours the prothrombin activity had decreased to about | of the original. 
After this interval of time there was bacterial decomposition in both the saline 
and in the 30 per cent plasma solutions. We anticipitated this and added 
sulfanilamide to one sample. Tliis 30 per cent plasma solution of prothrombin 
saturated vdth sulfanilamide was stable for more than 6 days. The additional 
stabilizing effect probably resulted mainly from suppression of bacterial action. 
Sulfanilamide alone repeatedly shows a stabilizing effect on saline solutions of 
purified prothrombin, but its quantitative effectiveness is variable. The 
results shown on figure 5 are very likely a combined effect of plasma, specific 
action of sulfanilamide, and sulfanilamide inhibition of bacterial action. 

In an attempt to find the prothrombin stabDizing factor in plasma we tested 
the effect of crystalline bovine albumin on purified prothrombin solutions. 
It was found that albumin solutions of 0.5 and 5.0 per cent, at pH 7.0, had no 
stabilizing effects whatsoever. x 

It is of further interest that (NH 4 )iS 04 appears to act as a stabilizer of purified 
protlirombin. Table 2 illustrates the effect on 8 different purified products and 
should be compared with figures 3, 4 and 5. -Four per cent (NH 4 )«S 04 solutions 
of prothrombin (about 10,000 units per cc.) usually show fairty good stability 
at room temperature. 

Prothrombin concentration in bovine plasma. Prothrombin concentrations 
of 160 to 250 units per ce. were found initialty in the different bovine plasmas 
used in ex-periments' siunmarized in table 1, figures 1 and 2. These studies 
were made at different periods of the year and Ave suspect that there is a seasonal 
change in boA'ine plasma prothrombin concentration. 

Discussion. It is evident that oxalated beef plasma contains a stabilizing 
factor or factors for prothrombin. The various repoits of poor prothrombin 
stability in stored blood and plasma as measured bj' the 1-stage method make 
it apparent that this method of prothrombin analysis is affected b}’’ A'ariables 
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other than changes in concentration of prothrombin. • The 2-stage method 
provides for complete conversion of prothrombin to thrombin thus elimiaating 
as variables those factors which alter the speed of the reaction. The newl}'" 
formed thrombin is allowed to clot a standard fibrinogen solution in a constant 
medium so that the only significant variable in the entire procedure is the 
prothrombin concentration. Its dependability as a quantitative method for 

, TABLE 1 


Isolation of prothrombin from oxalated bovine plasma 



PLASMA STORED AT 8°C. 

PLASMA STORED AT — 30‘’C. 


175 

175 

TTnitfi pftr nn At. days 

125 

175 

Units isolated 

245,000 

65 

370,000 

Ppr r.PT>t. yiftld 

70 




TABLE 2 

Stability of prothrombin in ammonium sulfate solutions at 25°C. 


PROTHBOiTBIK 

product 

PURITY U/MG 
TYROSINE 

PER CENT 
(N^)jS04 

pH OF soLonox j 

STABILITY AT EOOII TEMPERATURE 

60520 

10,900 

4 

7.0 

1 

No loss in 20 hours. 
50% loss in 48 hours- 

60523 

15,600 

4 

7.0 

20% loss in 24 hours 

G1204 

13,100 

4 ! 

1 

6.0 

12% loss in 3 hours. 
18% loss in 4 hours. 
51% loss in 24 hours 

70113 

13,000 

4 

6.0 

No loss in 3 hours 

70114 

11,900 

4 ! 

1 

6.0 

35% loss in 3 hours 

70115 

11,300 

1 

4 1 

5.5 

1 

17% loss in 4 hours 

70120 

8,400 i 

4 j 

6.0 

1 

22% loss in 3 hours 

70203 

10,900 

4 

6.0 

27% loss in 2J hours 


prothrombin is demonstrated by the isolation work described above where 
protlirombin was obtained from storage plasma in a yield predicted possible 
from the 2-stage analysis of the plasma. 


SU.MMARY 

1. Prothrombin in oxalated bovine plasma is relatively stable at 5°C. In 
4 samples of plasma an average of 90 per cent of the prothrombin remained 
after 2 weeks. In 2 samples approximately 50 per cent was accounted for 
after SO days’ storage. 
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2. Oxalated bovine plasma which was dried from the frozen state and re- 
constituted vith buffered distilled water lost only- 10 per cent of its prothrombin 
in 26 days at 5°C. 

3. Protlirombin has been isolated in a high yield from bovine plasma stored 
at 8°C. for 18 days. 

4. Purified prothrombin products wliich are unstable at room temperature 
are stabilized when dissolved in oxalated bovine plasma. 

5. Crystalline bovine albumin is not a prothrombin stabilizing agent. 

6. Ammonium sulfate solutions tend to stabilize purified prothrombin. 

Ws wish to thank Parke, Davis and Company for suppl 3 ’ing quantities of 
plasma and for funds for a graduate research fellowship. 
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Studies of the carbohydrate metabolism of animals subjected to anoxia are 
of interest because of the changes taking place in the endocrine system under 
these conditions, and because of the obvious advantages of utilization of an 
oxygen-rich metabolite during anoxia. One phase of this study is associated 
with the changes ic amounts of liver glycogen before and after exposure to low 
barometric pressure. 

Methods. The liver samples used for the determinations presented in this 
report were taken from albino rats (Sprague-Dawley) exposed to 379 mm. Hg 
(18,000 ft. equivalent) in a large steel decompression chamber^ one hour per 


TABLE 1 


ANlVIAt NO. 

1 

1 " 

3 

4 

5 

6 

7 

8 

9 

10 

n 

! 



Control % Glycogen. . . 

■ 

2.13 

2.65 

0.88 

n 

m 

1.72 


2.31 

0.52 

2.57 

1.92 

H 

1.80 

E.xposed % Gljxogen. . . 

H 


1.11 

0.33 


■ 


0.191 


0.09 

0.85 

0.34 


0.26 


day for nine weeks. During the experimental period they were given dog 
chow ad Ubiditm both at sea level and during exposure to “altitude”. At the 
end of nine weeks the animals were fasted for eight hours and sacrificed under 
nembutal anesthesia. Liver samples were taken, weighed, and macerated in 
95 per cent alcohol to prevent glycolysis. This allowed storage of the samples 
until it became convenient to perfonn the gl 3 "cogen anaNsis. Gb^cogen anal- 
ysis was performed bj’- Sahj'un’s method (1), the alcohol added earlier being 
dri\'en oft' b,v the initial heating of the latter procedure. 

Results. The amounts of gNcogcn present in li^'er .samples of 13 animals 
previously exposed to discontinuous chronic anoxia and of 13 carefully- paired 
control animals arc given in table 1. 

Discussion. Evans (2), Lewis, Thora, Koepf and Dorrance (3) and Nims, 
Langly and Clarke (4) report-ed very high liver glycogen contents in rats after 
exposure to 18,000 and 25,000 feet simulated altitude for single 24 hour periods. 
This was correlated in their studies with hypertrophy of the adrenal cortex and 
a corresponding increase in the production of adrenal cortical hormone. It 
^^■as' also shown by Lewis et al. that this phase of high li\'er glycogen was pre- 

‘ .Appreciation is expressed for the use, in this study, of a decompression chamber be- 
longing to, .and on the grounds of, the National Institute of Health, U. S. Public Health 
Service, Bethesda, Maryland. 
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ceded b 3 '’ a period during which there was marked depletion of the carbo- 
hj^drate reserves. Thorn, Jones, Lewis, iMitchell and Ivoepf (5) showed, posi- 
tivety for rabbits and also indicated in the case of rats, that repeated daily- 
exposures to low pressure produced an appj-eciable reduction in liver carbo- 
hj'drate stores Avithin a 36 daj’- period. 

The present paper confirms the observation of Thorn et al. that repeated 
daih’ exposure to ano.xia brings about the depletion of liver glj-cogen. 

In addition, since the experimental period in the present experiment was 
long enough (9 weeks) that regression of endocrine changes a.ssociated with 
“acclimatization” had occurred-, the depletion observed maj^^ be interpreted as 
further evidence of e.\haustion of the mechanism imparting hepatic glycogenic 
function. 
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The finding that a definite relationship could be established between the 
body temperature and the arterial pressure in warm-blooded animals (1) as well 
as in cold blooded animals (2) suggested that other adjustments to body tem- 
perature changes might be elicited. To test this possibility the blood sugar of 
chickens {Gallus domesticiis) was determined at. various body temperatures. 

Methods. Twelve white leghorn chickens, 10 to 16 weeks old, were used. 
The animals were cooled b}' means of ice packs applied to the body, and warmed 
by radiant heat from two 150 watt Spot Reflector light bulbs placed about 30 
cm. from the body. The rate of body temperature change was about 1°C. per 
10 minutes during cooling, and about 1°C. per 8 minutes during waiming. 
Blood samples (0.2 cc) were draAvn immediately after each 5°C. body tem- 
perature change. Blood glucose was deteimined using the micromethod of 
Somog 3 d (3). 

Results. The control blood sugar in our series of chickens averaged 170 
mgm. per cent, ranging from 142 to 199. The animals were divided into two 
groups. Group 1 was cooled first, and then Avarmed (table 1). Group rivo 
was warmed first and then cooled (table 2) . 

Since 45° and 25°C. Avere found to be approximatelj* the critical temperatures 
for surAuval for the chicken, Ave did not maintain the animals at these tempera- 
tures for more than a few minutes. 

Blood sugar leA'els shoAved irregular A'ariations in 6 chickens Avhen the}' A\-ere 
maintained at normal bod}’’ temperature for periods of tAvo to four hours. The 
hourlA- aA^erages for the gi-oup in the control period ranged from 177 to 182 mgm. 
per cent. 

It can be seen from table 1 that cooling of the chicken from the normal body 
temperature of 41.5°C. resulted in a fall in blood sugar Avhich Avas progressiA^e as 
cooling of the animal continued, reaching A-alues at 25°C. Avhich AA-erc 65 per cent 
of the control leA'els. ReAvanning of the animals at this time Avas folloAved by a 
return of the blood sugar to almost the control values at 40°C. Continued 
Avaiming above the normal bodj- temperature levels led to a’ more rapid rise in 
blood sugar. At 44°C. the aA'erage blood sugar AA'as 26 per cent aboA'c control 
leA'els. Inspection of the data suggests the presence of a lag in the adjustment 
of the blood sugar to the changes in body temperature. 

In table 2 the lag in adjustment to body temperature can be seen more clearly. 
Thus, the average blood sugar remained unchanged at the time of sampling 
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when the animal had been wamied to 44°C. The animal was then permitted 
to cool spontaneously to its control body temperature. Samples taken at this 
time showed an increa,se of 22 per cent. Further cooling by means of application 
of ice packs to the bod}>" resulted in a progressive reduction of the blood sugar 
until death occurred at about 22 to 23°C. It was noted that these animals 
were somewhat more resistant to the lethal effects of cooling than those which 
were cooled without a preliminaiy warming. Although the blood sugar con- 
tinued dow’mvard with cooling, it can be noted that the average blood sugar 


TABLE 1 


TEUP. 




CHICKEN KO. 




AVERAGE 


1 

2 

3 

4 

5 

. 1 

6 

7 

'C. 

41.5 

142 

191 

i 

199 

155 

160 

152 

161 

166 

35 

116 

164 

135 

151 


119 

146 

139 

30 

76 

124 

85 

135 

162 

51 

151 

115 

25 

72 

no 

124 

107 

116 

123 

96 

107 

30 


142 

128 

91 

143 

no 

92 

118 

35 


147 

142 

120 

169 

129 

96 

133 

40 


165 

169 

136 

120 

147 

114 

141 

44 


295 

207 



155 

179 

209 


TABLE 2 


TEMP, 

CHICKEN NO. 

A\ERAOE 


i 2 

1 

3 

i 

5 

‘C. 

1 j 

■■■■1 





41.5 

168 

HBH 

183 i 

184 

170 

177 

44 

219 1 


158 

139 

224 

185 

41.5 

191 

188 i 

254 

217 

228 

216 

35 

181 


232 

237 

219 

201 

30 

176 i 


180 

194 

232 

181 ‘ 

25 

121 

120 

178 

168 

227 

163 

22 


134 

145 



140 


values were consistenth’' higher than those obtained in the animals which were 
cooled without the preliminaiy w^arming. 

Discussion. These results on the relationship between the body temperature 
and the blood sugar are in line with our concept that there is an active integration 
of various aspects of bodily function to changes in body temperature. That at 
least some of these correlations are a function of the central nervous S5^stem is 
indicated b}’' our finding that the body temperature-arterial pressure relationship 
in the turtle is destrojed b}'- section of the cervical spinal cord or by destruction 
of the brain (4), 

The blood sugar response to changes in body temperature occurs more slowly 
than does the blood pressure response. The blood pressure changes occur within 
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a few seconds after the temperature stimulus is applied, while^the blood sugar 
lags behind the temperature change by about 30 minutes. This would indicate 
that the blood pressure response is mediated directly b}*" neural mechanisms, 
while the blood sugar response is dependent upon a more complex, slowly mo- 
bilized mechanism. These correlations of blood pressure and blood sugar with 
bod3’^ temperature changes merit further work to detennine the integrating r61e 
of the central nervous sj^stem. 


SUMMARY 

1. A direct relationship has been demonstrated in the chicken between the 
bodj^ temperature and the blood sugar, the latter being the dependent variable. 
The implications of these findings are discussed. 
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In the last few j’ears a tremendous amount of studj’- has been directed toward 
the etiology and pathogenesis of respiratory disease. Quantitative studies of 
respiratory infection by the cloud chamber method require that the respiratoiy 
volimie of test animals be known in order to calculate the dose of agent used. 
Because data in the literature on respiratoiy volume of laboratory animals are 
veiy scanty, a comprehensi\-e study of this subject was undertaken. ' 

Methods. The. various methods used for the determination of respiratory 
volume ma.y be' classed under fi\'e different headings: 1, respirograph method 
(5, 7); 2, valve method (2); 3, air flow methods (1, 8); 4, indirect calculation 
from O2 consumption (4, 9); and 5, an acoustic respirograph method (6). Two 
valve methods and one modified respirograph method have been used in the 
investigations described in this paper. 

A. Valve methods. The valves used were of delicate constraction utilizing 
very minute thin rubber discs, which were hinged loosely over the tips of polished 
glass inlet and outlet tubes. 

These valves were then connected directly by means of a glass seal either to a 
tight-fitting headpiece or to a tracheal cannula. 

Collection of air from the outlet valve was accomplished by the two methods 
shown in figures 1 and 2. Vflien the collection apparatus shown in figure 1 is 
employed, the e.xpired air enters via the rubber tube attached to the top of the 
mercury-filled collecting chamber, which may be connected to the water or 
mercury manometer on either side of the collecting column. By manipulating 
the stopcock at the bottom of the collecting column, mercury is allowed to fall 
at a rate which MU exactly equalize that of the expired air and maintain piessure 
within the chamber at exactly zero. B3'' measuring the faU of the mercurj’" 
cohunn for one minute while the pressure within the chamber is maintained at 
atmospheric pressure, the respiratory volume per minute ma}^ be measured 
directly. In using this method, the onlj”- obstniction to the flow of air is a ^"ely 
slight back pressure from the valves. 

The second apparatus for collecting the ex|}ired air is shown diagrammaticallj" 
in figure 2. It is so constructed that no water can flow from the upper siphon 
jar into the lower jar until an equal volume of air is introduced into the air space 
above the water in the upper jar. Special precautions ha^'■e been taken in the 
design of this apparatus so that the pi-essure against which the animal must 

1 Data presented on work carried out at Camp Detrick, Maryland, between 1 March 1945 
and 1 October, 1945. 

^Present address; Warm Springs, Ga. 
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breathe is always constant and Very small. By raising and lowering the inlet 
tube to the upper jar, the pressure for flpAV of water from the upper bottle to the 
lower bottle may be adjusted from less than zero to considerably^greater than 
zero. If the critical pressure is less than zero, water will flow of its own accord 
without an expiratory effort on the part of the animal. If, however, the glass 
tube is moved downward, the critical pressure becomes positive and water flows 
from the upper bottle to the lower one only when the animal is expiring air. 



Fig. 1. Mercury collecting column for expired air. 
Fig. 2. A special water trap for collecting expired air. 


For practical purposes, during use of this method, the tube is set so that the 
animal breathes against approximately h cm. of ivater pressure, this value being 
negligible as an obstruction to respiration, flhe respirator3'' volume is then read 
diiectly from the erdibration of the lower bottle. The extra tubes shown in the 
diagram are necessary to prevent airblocks within the apparatus. 

INIcasurcmcnts using the head i-alve method were made only on mice because 
of the difliculty of eliminating dead space within the mask when larger animals 
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were used. With mice, practically all of this dead space was eliminated by 
placing large quantities of vaseline between the mouse’s face and the form fitting 
mask. In the use of the tracheal vah'^e method, the cannula was devised so that 
the dead space was essentially equal to that of the normal animal. In using this 
method, the animal was anesthetized with ether, the trachea cannulated, and 
anesthesia stopped. During the somnolent phase, the animal breathes regularly 
without struggling and measurements with the tracheal valve were made at this 
point in the recovery from anesthesia. All measurements were of necessit}^ made 
with th? animal on its back with some restraint necessary to hold it in place. 

B. The oscilloscopic respirograph method. The respirograph method used in 
this study for the determination of respiratory volume involves an entirely new 
principle, and approaches normal physiological conditions more nearly than any 
method which has been found in the literature. In most methods of determining 
respiratory volume animals must breathe against valves or there is inertia in 
moving parts of the apparatus. Nearly all methods utilize masks with consider- 
able dead space, and several require pure oxygen. The respirograph described 
here, therefore, has been so devised that the animal breathes normal air at all 
times, the dead space within the mask causes no errors because of constant 
renewal of air, and the animal breathes against a resistance many times less than 
that caused by the usual valve. 

The respirograph apparatus is illustrated in figure 3. Water flows directly 
from the upper to the lowar bottle. Then, from the lower bottle air flows past 
the head of the mouse into the upper bottle, thereby completing a closed circuit. 
The rate of air flow is i djusted so that the volume of air is at least five times os 
great as that required for normal respiration of the animal. A third tube leads 
from the headpiece to an airtight bellows on the top of which is an electrical 
condenser made of alternate layers of insulating paper and tinfoil. As the ani- 
mal breathes in and out, pressure within the bottles and the bellows alternately 
increases and decreases by a minute amount. The plates of the condenser like- 
wise alternately become closer and farther apart. use of a special electrical 
apparatus, shown in figure 4, variation of the electrical capacity of the condenser 
causes a wave to rise and fall on the screen of a cathode-ray oscillograph as shown 
in figure 3. The syringe connected to the bellows is used to calibrate the 
apparatus with each determination of respiratory volume. All readings may be 
made directty from the screen of the oscilloscope or the respiratory pattern of the 
animal’s breathing may be acciu-ately recorded with a continuous camera as 
shown in figure 5. Sensitivity of the apparatus is such that 1/1,000,000 of an 
atmosphere pressure change can be detected, and 1/100,000 of an atmosphere 
pressure change can be measured accurately. Errors in these measurements may 
occur, however, when the connecting tubes are too small, thereby causing a 
lag in the establisliment of pressure equilibria throughout the system. The 
use of large tubes and frequent testing of the equipment minimize this error. 

The electrical apparatus shown in figure 4 operates as follows: The 6J5 tube 
is simply an audio oscillator operating at approximate^’' 6000 cycles. The 
output of this feeds into a capacity-resistor bridge circuit which normalty is 
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balanced at its midpoint to near extinction of the oscillator signal. The signal 
from the midpoint of the bridge is fed into a tvo stage amplifier utilizing two 
6SJ7 tubes. The output of the second stage of amplification is coupled directly 
to the input of an ordinary commercial oscilloscope, but part of this output 
signal is abolished by the short-circuiting action of a 6H6 tube which is used in 
a limiter circuit. Tliis limiter circuit removes a great portion of the background 
signal and leaves essentially the signal which is modulated. Obviously the 
voltage of the signal recorded on the oscilloscope depends on how nearly balanced 
the bridge circuit happens to be. The varying pressure condenser foi-ms a part 
of this bridge circuit at point X. Therefore, when the condenser plates aie 

RESPIR06RAPH 



pressed closer together or arc spread farther apart, the bridge circuit is either 
more or less nearly balanced, and likewise the quantit}^ of signal which passes 
through the amplifier varies with the capacity of the pre.ssure condenser. The 
horizontal sweep of the oscilloscope is synchronized with the oscillator signal to 
give a rising and falling wave as shown in figure 3. To give a rising and falling 
line for camera recording, the horizontal sweep is adjusted to zero. 

Animals tested by the above modified respirograph method were under as 
nearly normal physiological conditions as possible except for the matter of fear. 
This was overcome by allowing the animal to remain in the headpiece for a long 
period of time before actual measurements Avere made. As a matter of practice, 
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after several minutes in the headpiece, the animal remained quietly in place and 
breathed very evenly, as shown in the respirogram of figure 5. The volume of 
the bottles used in the experiments Avas adjusted for different animals so that 
enough air AA^as present to last usuallj'- for 10 minutes, and so that the operating 



Fig. 4. Electrical diagram of capacity recorder used in the oscilloscopic respirograph. 



Fig. 5. Respirogram recorded from a guinea pig (time marks every 3 sec.). 


pressure AAnthin the S3’^stem A’^aried from atmospheric pressure approximate^ 
1/5000 of an atmosphere AAdth each respiratoiy cjmle. Before making measure- 
ments, the apparatus Avas tested for leaks, and these Avere eliminated bj"^ the use of 
petrolatmn at all joints, including the gap betAA’een the head of the animal and 
the edge of the headpiece. 
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TABLE 1 



METHOD 

NO. 

DETERM, 

WT. (grams) 

RESP./MIN. 

TID.\L AIR 

(cc.) 

RESP. VOl/MIN. 

fee.) 

Mice 

1 

56 

Min. 

12 

84 

0.09 

11.1 



Max. 

26 

230 

0.23 

35.8 




Av. 

19.S 

163.4 

0.154 

24.54 

Mice 

2 

15 

Min. 

12 



20.5 



Max. 

25 



35.5 




Av. 

20.7 



28.1 

Mice 

3 

7 

Min. 

16 



11.4 



Max. 

21 



24.0 




Av. 

IS.S 



17.7 

Cotton rats 

1 

27 

Min. 

49 

75 

0.24 

22.8 




Max. 

130 

115 

0.70 

71.4 




Av. 

76.8 

94.5 

0.353 

39.6 

Hamsters 

1 

65 

Min. 

65 

33 

0.42 

33.3 




Max. 

134 

127 

1.16 

82.8 




Av. 

91.6 

73.6 

0.S26 

60.9 

Hamsters 

3 

34 

Min. 

74 ’ 



25 




Max. 

121 



65 




Av. 

95.7 



47.8 

White rats 

1 

35 

Min. 

63 

66 

0.60 

49.8 




Max. 

152 

114 

1.25 

101.2 




Av, 

112.8 

85.5 

0.S65 

72.9 

White rats 

3 

32 

Min. 

63 



56 




Max. 

179 



102 




Av. 

110.2 



75.8 

G. P. 

1 

61 

Min. 

274 

69 

1.0 

100 




Max. 

941 

104 

3.9 

382.2 




Av. 

466 

90.3 

1.75 

155.6 

G. P. 

3 

49 

Min, 

274 



87 




Max. 

941 



329 




Av. 

477 



154.1 

Habbits 

4 

31 

Min. 

792 



270 




Max. 

3090 



1208 




Av, 

2069 



800 

Monkeys 

5 

6 

Min. 

2050 

31 

9.8 

311 




Max. 

3080 

52 

29.1 

1410 




Av. 

20S2 

40 

21 2 

863 

Man 

5 

i 10 

Min. 

55,700 

10.5 

315 

4,900 




Max. 

82,100 

1 19.3 

745 

12,200 




Av. 

08,500 

14.2 

016.5 

8,732 


Mtthods: 1. Usini; oscilloscopic respirograpli and recording directly from the screen of the oscilloscope. 

2. Using head valve method and collecting expired air over mercurj- column. 

3. Using tracheal valve method and collecting expired air over mercurj’ column. 

4. Using tracheal valve method and collecting expired air in automatic water trap. 

5. Using oscilloscopic respirograph and recording with a camera on a constantlj’ moving film. 

Kesults. Data obtained in this laboratory are presented in table 1. In 
general it is felt that the more accurate values have been obtained by the oscillo- 
scopic i-cspirograph method, and the valve methods may be considered as one 
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means of checking the results. In rabbits, however, panting made it impossible 
to obtain consistent results bj”- any method as long as the animal was awake. 
For this reason, only values obtained b3'' the tracheal ■\'alve method are reported. 

Discussion. The table and values are self explanatoiy, and there is little 
necessity to analyze the data. An attempt has been made, however, to find a 
formula which will correlate respiratorj’^ volume and weight of the animal (for 
any species). In table 2, therefore, is shown the ratio of the respiratory volume 
to various mathematical functions of the weight. The respiratory yolume 
divided by the animal’s weight (column 5) shows a general decline in ^^alue as the 
animal becomes larger. • If, on the other hand, one assimies that the respirator}'- 
volume follows the bod}’ surface of the animal, then the respirator}^ volume 
divided by the f power of the weight should be approximately constant. 

TABLE 2 


Comparison of respiratory volume with various functions of the weight 


ANIMAL 

i 

WT. (OEAMS) 

RESP. VOL/MIN (cc.) 

KESP. VOX./ 

mu. (cc.) 

■h WT. 
(CRAVrs) 

RESP. VOL/ 

:inN. (cc.) 
■i- m.X'X 
(CRAJfS) 

RESP. VOL/ 

mt;. (cc.) 

. -i- vn.’O 

(crams) 

Actual 

Calculated 

Mouse 

19.8 

i 

24.5 j 

19.9 

1.24 1 

3.35 1 

2.54 

Cotton rat 

76. S j 

39.6 1 

55.5 

0.52 

2.20 

1.52 

Hamster 

91.6 

60.9 

62.1 

0.67 

3.00 

2.06 

White rat 

112.8 

72.9 

72.9 

0.65 

3.14 

2.10 

Guinea pig i 

466.0 

155.6 

210.6 

0.33 1 

2.60 

1.55 

Rabbit 

2069.0 

800.0 

634.0 

0.39 

4.88 

2.62 

Monkey 

2682.0 

! 863.5 

785.0 

0.32 

' 4.54 

2.35 

Man 

68,500.0 

1 

8732.0 

1 

8900.0 

0.13 

^ 5.19 

2.06 





0.52 

3.61 

2.10 


This is based on the fact that the surface area of symmetrical bodies is propor- 
tional to the f power of their weight. Such a calculation vith the measured 
results does not give a constant but instead a slightly rising figure (column G). 
This indicates that the respiratoiy volume is not solely a function of body surface 
but rather that the mass of the body has some effect on the total respiratory 
volume. If, therefore, one chooses a function of the v'eight somewhere between 
the § power and the first power a function should be found which gives a more 
constant factor. In column 7 the respiratory volume has been divided by the 
weight to the f power. It will be noted that from the smallest to the largest 
animal, the values remain considerably more constant. From the a\’erage of 
these values the following formula has been derived: 

Resp. ^^ol. per Min. in cc. = 2.10 X (Wt. in Grams) 

Using this formula, the average respiratory volumes of the animals which 
have been tested were calculated and are shown in column 4 of table 2 for com- 
parison with measured values (cohmm 3). Obviously, other functions of the 
weight such as 0.73, 0.74, or 0.76 power of the weight probably would give even 
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better correlation bet^Yeen Aveigbt and respiratory volume. The data, hovever, 
even though derived from the study of 428 animals, are insufficient to establish 
any one of these values as the absolutely correct one. Therefore, the | power 
of the weight has been chosen for the sake of simplicity. This has been found 
to give a relatively satisfactorj’' correlation between weight and respiratory 
volume. It is interesting that Kleiber (3) found oxygen consumption in animals, 
from the rat to the steer, to vary also with the f power of the weight. 

It has been of interest to note the reactions of animals immediately after being 
placed in the respirometer. There have been many statements to the effect 
that animals under conditions of fear and noxious stimuli will hold then- breath. 
In one experiment while anesthetizing a monkey with ether, records taken 
during the actual anesthetization showed that breathing became in'egular in 
association with struggling, but there was no interruption of breathing. Occa- 
sionally animals appeared to hold their breath when they were first put into the 
respirometer, but actual records invariably showed that there were rapid though 
shallow movements of air into and out of the lungs. 

SUMMARY 

1. Several methods of detennining the respiratory volume, including the 
oscilloscopic respirograph, have been presented. 

2. Data on quiet respiration iir 428 animals of 8 species have been presented. 

3. The data presented indicate that the respiratory volume varies directlj’’ 
neither with the weight of the body nor with the body surface but approximate!}’’ 
with the f power of the weight. 

4. A foimula has been derived for the detennination of respiratory volume of 
an animal provided the weight is known. 

Grateful acknowledgment is made to Dr. Theodor Ilosebury for his suggestion 
of this problem and to Cpl. Dellas A. Cosby for his assistance in carrying out 
many of the routine measurements. 
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^'’ery scanty information is available in the literature on methods for recording 
the respiratory pattern of smaller animals. Loosli et al. (3) de^'^eloped a method 
for making such a record from the mouse, but this method required that the 
animal breathe pure oxygen. This method tvas not applied to animals other 
than the mouse. 

An oscilloscopic method of recording the respirogram has been developed in 
this laboratory, and the study of the respiratoiy volumes of several hundred 
laboratory animals b}^ this method has been reported (2). Most of these original 
records were examined directl 3 ’' from the oscilloscopic screen, a procedure which 
was adequate for the stud}’’ of respirator}’- volume. Over a hundred permanent 
records have subsequent!}^ been made on photographic film. From these latter 
records and from data obtained in the previous study (2), an extensive analysis 
of the different aspects of the respiratoiy pattern has been made. 

Results. Normal respiratory patterns for eight animals of different species 
are shown in figure 1. The actual patterns of respiration are obvious from the 
pictures, but other considerations not immediately apparent have been noted 
from a mathematical study of these patterns. 

a. Comparison of the respiratory patterns from different animals. From the 
mouse to man, there is considerable imiformit}’’ of the respiratory pattern, 
as may be seen from the records. An exception to this has been that the ratio 
of inspiration to expiration has ^’aried from 0.42 to 2.17 if we consider inspiration 
to begin Avhen the lungs are § filled and to end when they are h emptied during 
any one cycle. This ratio has varied, however, within all species, and there is no 
constant trend from small animals to larger animals. 

In general, smaller animals tend to have more uniformity of the respiratory 
cycle. To illustrate this point, the eight respiratory patterns shown for guinea 
pigs in figure 2 weie chosen at random. With the exception of the last pattern, 
and making allowance for rate and volume of respiration, the records can be 
almost superimposed upon each other. 

b. Tidal air. Tidal air has been found to vary, approximately, directly with 
the weight of the animal as can be ascertained from values in table 1 of the 
previous paper (2). From an average of 300 records of normal quiet breathing, 
the following formula has been derived: 

Tidal Air (ce.) = 0.0074 Weight (in grams) (1) 

> Work carried out at Camp Detrick, Frederick, Maryland, from March, 1945 to Septem- 
ber, 1945. 

^Present address: Warm Springs, Gs. 
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Using this formula for the calculation of tidal airs of the various species of 
animals studied, it was found that the average deviation of the calculated values 
from the measured values was ±21.5 per cent. 



Fig. 1. Normal respiratory patterns from different animals. (Inspiration up, e.vpir- 
ationdown. Time marks — 3 sec.) 



Fig. 2. Normal respiratory patterns of guinea pigs chosen at random. (Inspiration up, 
expiration down. Calibration— 3 cc. Time marks— 3 sec.) 

c. R(t(c of brcalinng. ,Vs shown in tlic previous paper (2), the minute re.spira- 
foiy volume is proportional apin-oximately to the f power of the weight. Since 
the tlilal air is proportional to weight, and, 

Tidal Air X Rate = Minute Respirator}' Volume, 
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one may derive the fonnula for i*ate of breathing: 

OQK 

Rate of Breathing (per minute) = 7; n (2) 

AVeight (in grams) i 

Testing this formula with the measured breathing rate of approximately 300 
animals of various species, the calculated values deviated from the measured 
values an average of ±17 per cent. This deviation was due mainly ^to the fact 
that mice and guinea pigs breathe somewhat faster than would be calculated by 
the formula. The data for tidal air and rate of breathing on which the above 
calculations are based are presented in the preceding paper (2), 

d. Rale of air flow on inspiration and expiration. If we assume that the 
respiratory patterns of all species are relatively symmetrical, and remembering 
that the minute respiratory volume varies with the f power of the weight, it 
follows that inspiratoiy rate and expiratory rate at an}’- given point in the 
cj’^cle vaiy approximate^ with the f power of the animal’s weight. 

For the midpoint in the inspiratory curves and the midpoint in the expiratoiy 
curve of 100 photographic records, the following formulae have been derived from 
the average slope of the curves: 

Inspiration (in cc./sec.) = 0.16 (in grams) (3) 

Expiration (in cc./sec.) = 0.15 (in grams) (4) 

In records from mice, cotton rats, white rats, hamsters, guinea pigs, monke3’’s, 
rabbits, and men, the values calculated from the inspiratoiy formula deviated an 
a\'’erage of ±16.7 per cent from the measured values, and rvalues calculated from 
the expiratory formula deviated an average of 21.8 per cent from the measured 
values. 

e. Speed of air floio on inspiration and expiration. The dimensions of homo- 
geneous sjTOmetrical bodies vaiy direc% with the | power of the weight. Bj’’ 
measurement of the tracheae of ten mice, giving an average of 1.0 mm. internal 
diameter, and assiuning man’s trachea to be 15mm. internal diameter, it has been 
calculated that the diameter of the trachea obej^s almost preciselj’' this | power 
law. It follows mathematical^ that the cross-sectional areas of the tracheae 
vary with the | power of the weight. Because the inspiratory rate and the 
e.xpiratory rate of the various animals vaiy approximately with the | power 
of the weight as shown above (this is nearty equal to the | power of weight), 
there is approximately a proportional change between the increase in cross- 
sectional area of the trachea and the quantity of air flowing. Therefore, the 
linear speed at which air flows tlwough the tracheae of animals of different 
species is approximately the same at each point in the respiratoiy cycle for all 
species. As a test of tlris premise, using the measured internal diameter of 1 
mm. for the mouse’s trachea and the arbitrary internal diameter of 15 mm. for 
the human trachea, the inspiratoiy speed of air for ten measurements in the 
mouse as calculated from the slope of the respiratoiy pattern was 2.05 meters/sec. 
compared with 2.95 meters/sec. for ten measurements in man. The expiratory 
speed in the mouse was 2.C5 meters/sec. comjiarcd with 2.8 meters/sec. in man. 
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f. Pressure differential in the trachea. Pressure drop through, a tube is pro- 
portional to the length of the tube and inversely proportional to the square of 
the radius of the tube provided the speed of floiv remains the same. Since both 
the length and the radius of the trachea are proportional to the ^ poiver of the 
weight of different animals, and because the speed of air flowing thi'ough the 
tracheae of different animals remains approximately constant at any one point of 
the cj’’clo, the following foimula may be derived for pressure drop in the trachea: 


Pressure drop = 


Constant 

Weight* 


( 5 ) 


The value of tins constant cannot be determined by present methods of measure- 
ment because of difficulty in measuring instantaneous pressure in the recesses of 
the lung. 

It follows from the foimula, however, that even though the mouse’s trachea 
is 15 times shorter than man’s trachea, the total pressure drop from the atmos- 
phere to the bifurcation of the trachea is 15 times as great in the mouse as in man. 
This is a startling calculation when considered without further thought, but in 
man the trachea must branch a considerably greater number of times than in the 
mouse before it reaches the terminal bronchioles. It is in these branches that a 
great pressure drop is found in man and particularly so in astlrmatics. Perhaps 
if we could calculate or measure pressure gradients throughout the lung, we 
would find the total pressure change from the atmosphere to the alveoli to be 
approximately the same in the mouse as in man. 

g. The nose as a particle precipitator. If we consider the nose to be a settling 
chamber of the cyclone type, we may appty the formulae for calculating retentive 
power of the chamber. Retention is proportional to the length of the chamber, 
inverselj’^ proportional to the diameter of the chamber, and inveraely proportional 
to the radius of the various curves within the chamber (l) . hlaking the assump- 
tion that the nasal chambers of different species of animals are reasonably 
symmetrical, we may again apply the law for determining relative dimension, 
i.e., dimension is proportional to the i power of the iveight. Because length of 
the chamber, diameter, and radius of curvature are all proportional to the -3 
power of the weight, and because retention is direetty proportional to the firet 
of these dimensions and invereety proportional to the last two, it is found that 
retention of particles in the nasal chambers should be inveraely proportional to 
the 3 power of the weight, or: 


T) i. 'j. Constant 

Here again the constant cannot be determined because of the impossibility of 
making the necessary measurements. From this relationship, it follows that in 
order to be piecipitated in the nose by settling, a particle must have a terminal 
settling velocity 15 times as great in man as in the mouse. From Stokes’ law, 
one finds that the terminal velocity of settling for homogeneous jiarticles is 
proportional to the square of the diameter of the particle (1). In other words, a 
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2 micron particle would settle out in the nasal chamber of the mouse as readily 
as would a 7.8 micron particle in man.^It appears, therefore, that the filtering 
efficiency of the mouse’s nose should be considerably greater than the efficiency 
of the human][nose. The above calculations, of course, do not include the effect 
of^cilia and hairs which add greatly to the efficiency of the nasal chamber as a 
filter. Also, the objection may be raised that the human and mouse noses are not 
symmetrical. This is a valid objection but onlj’- partly so, for the asymmetry of 
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Fig, 3. Respiratory patterns from a rabbit in different stages of nembutal anesthesia. 
(Inspiration up, expiration down. Calibration — 20 cc. Time marks — 3 sec.) 




Fig. 4. Respiratory pattern from a rabbit dying under nembutal anesthesia. (Inspira- 
tion up, expiration down. Time marks — ^3 sec.) 

any one dimension must be at least 15 fold in order to equalize the two nasal 
chambers in efficiency. Obviously, such as 3 ’^mmetiy does not exist. 

h. Illusiralwe records of changing respiratory patterns. Figures 3 and 4 illus- 
trate the method of studjdng changing respiratory patterns, due in this case to 
nembutal anesthesia. The records in figure 3 were made during the course of 
■j hour after the administration of 0.13 gram of nembutal intrapeiitoneally to a 
2 kgm. rabbit. A record of breathing was obtained through all stages of anesthe- 
sia down to the 2nd plane of the 3rd stage at which point the animal’s narcosis 
came to equilibrium. The first effect of nembutal on the panting rabbit was to 
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decrease the tidal air without decreasing the rate. Later, the rate of breathing 
also decreased, and this was followed b}’’ further slowing of breathing and a 
secondary increase in tidal air during the 2nd stage. From the second stage 
through the 1st plane of the 3rd stage, there p’as little change in the rate but 
considerable decrease in tidal air. Once surgical anesthesia had been reached, 
the shape of the respirator}'- pattern began to change with the appearance of 
irregularities in the inspiratory and expiratory slopes. Also, as deeper anesthesia 
was attained, the rate decreased, but the tidal air remained fairly constant. In 
these records it is seen that there are many changes in respiration during anesthe- 
sia which cannot be discerned by simple observation of the subject. 

The respiratory pattern shown in figure 4 is that of a rabbit which received 

0.3 gram of nembutal, passed through all stages of anesthesia, and died in 
approximately 5 minutes. The portion of the record shown in the figure is that 
immediately preceding death, including the last breath. The record shows that 
there was a markedly increasing delay between inspirations as death approached, 
but at the same time there was little decrease in the volume inspired with each - 
succeeding breath. It would appear, therefore, that the cause of death was an 
increasing delay between phrenic nerve volleys until asphyxia occurred. The 
actual strength of each nerve volley was apparently almost as strong, if not just 
as strong, during the last inspiration as during earlier ones. 

These two experiments on anesthesia with nembutal have been presented not as 
an explanation, of the action of nembutal but to illustrate the possibilities of 
new knowledge which may be gained from the study of respirograms. This work 
may be extended greatly to include aerosols, vapors, and other drugs of all 
nature which may affect the respiration. 

SUMALVRY 

1. Respiratory patterns from mice, cotton rats, hamsters, white rats, guinea 
pigs, rabbits, monkeys, dogs, and men have been illustrated and analyzed. 

2. In general, the respiratory pattern varies little between one species of 
animals and another except for rate and tidal air. 

3. Within any one species of the smaller animals, the respiratory pattern is 
relatively constant. 

4. Formulae based on weight have been derived for tidal air, rate of breathing, 
inspiratory and expiratory rate of flow, inspiratory and expiratory speed of 
flow, pressure drop in the trachea, and retention of particles within the nasal 
passages. In general, the calculated values from these formulae agreed within 
20 per cent of those which could be measured. Considering the great numl:)er of 
variables in respiratory dynamics, this agreement is considered to be reasonable. 

5. As an example of information which can be gained from respiratory patterns, 
two experiments on the anesthetization of rabbits with nembutal are presented. 
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Clinical investigators have oljserved ovarian insufficiencj’’ in diabetic patients 
(I, 2), and subnormal development of the gonads in experimental diabetes has 
been noted (3, 4, 5). Experiments with parabiotic rats have indicated that the 
gonadal deficiencj’^ may be due to decreased gonadotrophin secretion fi-om the 
pituitary (5). 

The investigation rej^orted in this paper was undertaken to examine further the 
pituitaiy gonadotrophic function in diabetic rats, and the response of the re- 
productive tract of diabetic rats to exogenous gonadotrophins and estrogens. 

Materials and methods. The investigations were made using immature or 
adult female albino rats of a Wistar strain obtained from Blaine’s, Media, Pa. 
The rats were given Rockland’s diet and water ad libiiinn. 

Diabetes was produced by means of intravenous administration of 50 to 60 
mgm./kgm. of alloxan in 5 per cent solution. Blood glucose determinations 
were made using the method of Reinecke (C) adapted to the Eveljm colorimeter. 
The blood samples were obtained from the cut tip of the tail,, and determinations 
were made every second or third day during the course of the experiment. No 
insulin was given. 

The crude anterior pituitary extract (APE) was an alkaline saline extract of 
fresh frozen beef pituitaiy mixed in a Waring blendor and filtered through a 
sintered glass filter. The APE was administered by subcutaneous injection 
once each day in 250 mgm. equivalents (1 cc. of APE) during the experimental 
period. Autops}' was performed on the da 3 ' following the last injection. 

The purified FSH^ preparations were given in 500 mgm. equivalents (total dose) 
in 9 injections over 4| days, with autopsj”^ on the fifth dajL 

Unilateral ovariectomj’' in adult rats was performed under ether anesthesia and 
the right ovarj’- was removed in all cases. The ovaries were weighed immediately 
after removal and the average weight u’as compared with the aA'erage for the 
remaining (left) ovaries at the time of autopsj’, 10 daj^s later. Bilateral ovari- 
ectomy was performed on adult rats, which were then used to determine the 
response of the uteins of diabetic and control rats to estrogen administration. 
Alloxan injections were made in the unilaterally and bilateralh’’ ovariectomized 
rats at the time of ovariectom 5 L 

Estrone, when used, was given in com oil and was injected once daily for 3 
rlaj’s; autopsj' was perfoimed on the foiuth day. Unilateral adrenalectomj' and 
adrenal enucleation were performed under ether anesthesia xising a dorsal ap-' 

’ Kindly supplied by Dr. R. K. Meyer and Dr. H. M; MeShan, Universit 3 ' of Wisconsin. 
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proach. After adrenal enucleation the rats were given 1 per chnt saline as drink- 
ing water lor a period of 10 days. 

Results and discussion. Right unilateral ovariectomy was performed on 
female rats 41 days of age to determine Avhether the remaining ovaiy of a diabetic 
unilateral castrate rat would be capable of hypertrophy’’ to the extent of that of 
a non-diabetic animal. Fourteen rats were kept as controls and 18 rats were 
^ven 50-60 mgm. of alloxan/kgm. at the time of unilateral ovariectomy, so that 
diabetes ensued within 24 hours after the ovary was removed. Table 1 includes 
the" average body weight and the average weight of the removed ovaries in both 
the control and the experimental animals before alloxan treatment. Random 
selection detennined the animals for each group, but the control group weights 
at the beginning of the experiment were slightbv greater than those of the experi- 
mental group. 

No further treatment was given and the blood glucose determinations were 
made in both groups every second or third day for the purpose of following the 
course of diabetes. The over-all average blood sugar values for control rats 
was 143 mgm./lOO cc. (not fasting) and the average for the diabetic rats was 402 
mgm./lOO cc. (table 1). Ten days after unilateral ovariectomy the rats were 
autopsied. The non-diabetic rat ovaries were hypertrophied to the extent that 
the average weights were 26.4 mgm. compared to 10.8 mgm. for the diabetic 
group. The average weights of the right ovaries in the two groups were 10.7 and 
8.5 mgm. The figures represent gains of 147 per cent and 25 per cent respec- 
tively over the right ovarian weights for the two groups at the beginning of the 
experiment. 

The fourteen ovaries removed from the hon-diabetic rats at the time of autopsy’’ 
contained several to numerous corpora lutea. Four of 18 ovaries from the 
diabetic rats contained corpora lutea and 14 of 18 contained only' follicles. 
The histological preparations confirmed the gross examination and showed that 
ovaries of 14 of the diabetic rats consisted largely of small and medium follicles 
with signs of atresia in some. Although 4 of IS diabetic rat ovaries contained 
corpora lutea, these four ovaries were smaller, and had fewer corpora lutea and 
smaller follicles than were found in the ovaries of the control rats. The average 
uterine weights of the diabetic rats were approximately' one-half as great as the 
control rat uterine weights, and the pituitary' glands were approximately' one- 
third smaller than the control rat pituitary' glands. 

A second group of rats of the same age was subjected to the same experimental 
procedure as the preceding group to determine the reproducibility of the results. 
Five non-diabetics and six diabetic rats were used; the results are included in 
tabic I . The results were in accord with the results obtained with the first group, 
hlarkcd hy-pertrophy of the left ovary' occurred in non-diabetic rats (91 Ter cent 
increase) while only a slight increase was found in the diabetic rats (36 per cent). 
Non-diabetic uterine weights were likewise much greater (107 per cent to 240 
per cent) than were corresponding organ weights in the diabetic rats. 

^ Changes in Aveight of the pituitan' gland also Avere striking. The control rat 
pituitary gland Aveights were 40 per cent and 03 per cent greater than those of 
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diabetic rats in corresponding groups. Statistical analysis- of the data on ovarian 
and pituitaiy weights in table 1 indicated the difference in the means was Ihghly 
significant since p == <0.01 for both ovarian and pituitary weights. The de- 
creased ovarian, uterine, and pituitary weights suggested decreased production 
of gonadotrophin in the diabetic animals. The possibilitjf existed, however, 
that the smaller ovaries and uteri were due to the failure of the end organs to 
respond to secreted gonadotrophins. 

As a test of this suggestion, exogenous gonadotrophins were administered to 
deteiTnine whether the o^’aries of diabetic animals would respond to gonado- 
trophins. 


TABLE 1 

Ovarian hypertrophy in diabetic and non-diabetic rats after vmlateral ovariectomy 


BEFORE TREATMENT 


AFTER TREATMENT ^ITH ALLOXAN 


Xo.of 

rats 

Bd. wt. 

1 

Right ' 
ovan’ \vt. 

Average 

blood 

glucose 

Bd.wt. 

{ Left 
jOvary wt. 

increase 

Ovarian response 

Uterine 

weight 

Pit. wt. 


zm. 


fngfn. per 
100 cc. 

fm- 1 

1 mgm. 

1 


mgm. 

mgm. 

14 

97 

10.7 

143 

110 i 

! 26.4 

147 

Corpora lutea 

172.0 

7.0 

IS 

90 

1 

S.5 

462 

86 1 

1 

1 

1 

10. S : 

1 

1 

1 

25 

Corpora lufea 
(4) 

Follicles (14) 

83.4 

4.8 

5 

94 

12.0 

133 

112 

22. S 

91 

Corpora lutea 
(3) 

Follicles (2) 

173.0 

7.5 

6 

90 

10.0 

421 

$3 

i 

13.6 

36 

Corpora lutea 
(1) 

Follicles (5) 

50.4 

4.6 


The first gonadotrophin used was a crude saline extract of beef anterior pitui- 
taiy glands (APE), which was injected at a level of 1 cc. per day for 10 da5’'s into 
young female rats that were 49-50 days of age. The animals were divided by 
random selection into four groups, as follows: a, non-diabetic rats; b, non-diabetic 
rats given APE; c, diabetic rats, and d, diabetic rats given APE. After 10 days 
it was found (table 2) that the ovaries of the diabetic rats were smaller than those 
of the non -diabetic groups both with and without APE treatment; the blood 
glucose determinations revealed that the two diabetic groups had similar degrees 
of diabetes. Examination of the data discloses that APE increased ovarian 
weights from 31.9 to 48.6 (52 per cent) in non-diabetic and from 25.4 to 37.6 
mgm. (48 per cent) in diabetic rats. Statistical analysis of the data yields p = 
0.05, and p = 0.01 for non-diabetic and diabetic APE-treated rat ovaries, re- 


= Statistical analyses were obtained using the formulae: S.E. = 


Ml - 

Vtin 


and the probability table of Fischer. 



Zd- 

n(n — 1) 
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spectively. The gonadotrophic potency of the preparation was apparently low, 
j'-et the results are significant when analyzed statistical!}’-. The adrenal increases 
were statistically significant in the non-diabetic group and highly significant in 
the diabetic APE-treated group. The untreated diabetic rat ovaries were 20 
per cent smaller than untreated non-diabetic rat ovaries, and the weights of the 
diabetic APE-treated rat ovaries v'ere 22.6 per cent less than those of the non- 
diabclic APE-treated ovaries. Thus the APE treatment produced comparable 
degrees of hypertrophy in diabetic and in non-diabetic animals, and the diabetic 
animals had smaller ovaries than non-diabetic ones in both untreated and APE- 
treated groups. The absolute differences between the two groups can be at- 
tributed to differences in the endogenous gonadotrophin from the pituitary gland. 
The results nevertheless suggested that the smaller gonads found in diabetic 
animals might have been a result of the fault}’- nutrition of diabetic animals, with 
consequent inability to utilize gonadotrophin secretion. To test this possibility, 
animals of similar age and weight to those of the previous experiment were fasted 
for a period of five days. Six of the rats were given no other treatment and 5 rats 

TABLE 2 


Organ response to crude APE in normal and diabetic rats 


NO. OF 
ANIilAL 

TREATITENT 

BD. WT. 

AVERAGE 

BtOOD 

GLUCOSE 

OVARIAN 

WT. 

% OVARIAN 
^VT. IN- 
CREASE 

UTERINE 

WT. 

ADR. WT. 

rlT. WT. 



i’m. 

msm/lOO cc. 

intm. 



mgm. 

mgm. 

5 

Controls 


165 

31.9 



36.6 

6.4 

5 

APE 


162 

48.6 

52 


48.2 

6.0 


Diabetic 


495 

25.4 


75.7 

36.8 

5.5 

9 

Diabetic + 
APE 


483 

37.6 

48 

105.7 

54.3 

5.1 


were given APE in 250 mgm. equivalents for tlie 5-day period. The rats then 
were sacrificed, and weights of ovaries, adrenals, and pituitaiy glands were ob- 
tained. In the 5-day period of fasting there was a 17 per cent increa.se in the 
size of the ovaries of the first APE-treated group, as compared with those of the 
control fasted rats, thus indicating that .starving animals still can re.spond to 
gonadotrophin (table 3). In a repetition of the experiment only two of the 
APE-treated rats survived, yet the ovarian weight increases in the fasted rats 
given APE were 84.3 per cent, and even this small group gave significant differ- 
ences statistically. The APE used in the first group of fasted rats was found 
to have a low order of gonadotrophic potency even when administered to non- 
fasting animals. Highly significant differences were found in adrenal weights 
when analyzed statistically. Earlier results indicated (5) that decreased food 
intakes sufficient to produce body weight losses equal to those of the diabetic 
rats did not firoduce ovarian atrophy to the extent seen in diabetic rats. The 
results with fasted rats supported the thesis that the gonadal deficiency found in 
diabetes was primarily a result of decreased pituitary function. The pituitary 
tlysfuncfion in turn was believed to be a re.sn.lt of insulin deficienc}- and/or the 
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Iiigh blood glucose per se of diabetes. The food intake of alloxan diabetic rats 
was high; in long standing untreated diabetes a marked splanchnomegaly oc- 
curred. 

To examine further the effects of exogenous pituitarj’’ gonadotrophin prepara- 
tions upon the ovaries of diabetic animals, an experiment was performed vith 
immature 20-22 daj^ female rats in which there is little endogenous pituitary 
gonadotrophin secretion. Some of the rats were given 60 mgm. of alloxan/kgm. 
at 20-22 days of age. Blood glucose detemiinations were made to determine the 
severity of diabetes; four daj^s later the diabetic rats were divided into two groups 
so that the rats of each goup had similar degrees of diabetes. One of these groups 
received FSH treatment, the other was untreated. Purified PSH preparations 
in 500 mgm. eq. were injected tvice dail}' over 4^ days, vnth autopsy on the morn- 
ing of the fifth day. Non-diabetic rats of the same age were used as untreated 


TABLE 3 

Effects of APE in fasted rats 


KO,©? 

AJJmAtS 

TSXATMENT 

ED.WT. 

; ArTES.24 

BD. WX. 

; ATTERS 

BIOOD CBTJCOSE 
lIGM./lOO CC. 1 

1 

ovarian 

ovarv BER 
100 GM. i 

. BD. WT. 

ADR. 

PIT, 


j HR. EAST 

1 TAST 

24 hrs. 

120 hrs. 




6 

1 

Fasted 


101 

I 

121 

125 

26.0 1 
(12-33) 

25.7 

38.2 1 

5.1 

5 

Fasted + 
APE 

119 

91 

112 

120 

30.5 

(21-46) 

33.5 

53.4 

5.4 

4 

Fasted 

117 

97 



36.3 

(34-38) 

37.4 

1 

i 

47,7 

1 

7.0 

2 

Fasted -f- 
APE 

133 

120 



! 66.9 
(56-78) 

55.8 

65.9 

7.4’ 


and FSH-treated controls. All groups Avere autopsied on the 6th day after treat- 
ment with FSH was started. It Avill be noted (table 4) that the ovarian response 
of the immature diabetic rats to exogenous gonadotrophin AA-as in eA'-eiy case 
gi'eater than that of the corresponding non-diabetic groups that received equiva- 
lent doses of the same pituitaiy preparation. Statistical anab'^ses of the diabetic 
rat ovarian Aveights in response to FSH 333, FSH 124, and FSH 130 indicate the 
results are highly significant (p = less than 0.01). In the non-diabetic groups 
the re.sponse to FSH 130 AA-as highb'- significant (p = <0.01) but the other results 
AA-ere not significant. Thus the diabetic rat OA-arian response to exogenous gona- 
dotrophin Avas equal to or greater than that in the non-diabetic groups of rats. 
The evidence from this experiment further supports the theory of deficient 
gonadotrophin secretion in the diabetic animal, since the atrophic OA’'aries seen 
in untreated diabetic rats gi'CAv and matured if gonadotrophin AA-as administered. 

The clinical cA-idence (2, 7) had indicated subnormal gonadal function in 















PITUITARY AND OVARIAN DYSFUNCTION IN DIABETES 


89 


“controlled” diabetes and the need for hormonal treatment during pregnancy. 
Previous investigators have reported the subnonnal size of gonads in experi- 
mental diabetes (3, 5) but no explanation has been given for the cause of tliis 
subnoi-mal gonadal function. Changes in the pituitary cytology of diabetic 
dogs were noted by Kan (4), who observed decreases in the acidophilic cells. 
Kraus (8) observed decreased number and size of acidophils, increased “Haupt- 
zellen” (chromophobes) and varying changes in the basopliils, including “h3’- 
dropic degeneration”. Thomas and Emerson (9) reported marked degranulation 
of the basophilic cells of the pars anterior in diabetic rabbits with no change in 
the cells of the pars intermedia. 

TABLE 4 


The effects of FSH vpon the ovaries and -uteri of diabetic and non-diabetic immature rats 


NO. or 
HATS 

TREATMENT 

BD. WT. 

AV. BOOD 
CETJCOSE 

OV. UT. 

% INCREASE 
OVER 

1 CONTROLS 

UT. vrz. 

PIT.WT. 



gm. 

mgm./IOO cc. 

mgm. 


mgm. 

mgm. 

8 

Non-diabetic 

65 

131 

10.0 


34.2 

3.6 

5 

Non-diabetic FSH 333 

66 

141 

16.2 

60 

28.4 

3.0 

2 

Non-diabetic FSH 124 

58 

132 

13.1 

30 

28.4 

2.9 

5 

Non-diabetic 

63 

144 

12.7 


35.2 

3.6 

7 

Non-diabetic FSH 130 

65 

165 

20.7 

63 

40.7 

3 4 

9 

Diabetic 

54 

519 

10.6 


25.9 

2.7 

5 

Diabetic FSH 333 

53 

560 

19.0 

79 

27.4 

2.8 

4 

Diabetic FSH 124 

53 

509 

20.2 

91 

29.9 

3.1 

5 

Diabetic 

48 

486 

9.3 


23.0 

2.6 

10 

Diabetic FSH 130 

56 

398 

1 

23.5 

153 

47.4 

2.5 


The small uterine weights found in diabetic rats raised the question of the 
ability of diabetic rats to utilize estrogen. To detei-mine the degree of response 
of diabetic rats to estrogens, the following experiment was performed using im- 
mature 20-21 day ovariectomized female rats given diabetogenic doses of alloxan 
(50-C0 mgm./kgm. intravenousljri at the time of ovariectomy. Estrone dosage 
of 0.5, i;0 and l.oy was begun on the tliird day following alloxan administration. 
The estrone was dissolved in corn oil and was given subcutaneously, once each 
day for 3 days. On the morning of the fourth day the rats were autopsied and 
the uteri were weighed. Control rats were of the same age and were ovariecto- 
mized and given the same estrogen treatment as was given to the diabetic ovar- 
iectomized rats. From the data (table 5) it can be noted that the uterine weight 
response of the diabetic rats was of the same order as that of the non-diabetic 
ovariectomized rats, indicating utilization of estrogens by the diabetic animal 
equal to that in non-diabetic animals. Statistical treatment of the data showed 
highly significant difTcrences (p = <0.01) in estrone-treated diabetic and non- 
diabetic nits, as compared to their controls, and no significant differences in the 
response of diabetic and non-diabetic groups to equivalent doses of e.strogen. 

.Adult female rats were used to detennine the effects of estrone upon the vagi- 
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nal smear of diabetic and non-diabetic ovariectomized animals. The rats were 
ovariectomized 7-10 days before the injection of alloxan. After diabetes was 
established (2-3 days) in the experimental animals, administration of ly of 
estrone in 0.1 cc. corn oil per day was begun. Examination of vaginal smears 
in both diabetic and non-diabetic groups was made over a period of 18 days. 
Estrogen was given for 14 days. The record of vaginal comification can be seen 
in figure 1, from which it will be apparent that the response of diabetic rats was 
more regular and slightly greater than that of non-diabetic ovariectomized rats 
given the same dose. Thus it can be seen that diabetic rats responded to exoge- 
nous estrogen in both uterine weight and vaginal comification tests to an extent 
equal to or greater than the response of non-diabetic rats. 


TABLE 5 

Effects of estrone in ovariectomized diabetic and non-diabetic rats 


NO. OF KATS 

BiOOD GLUCOSE 

1 

BD. WT. 

1 

TREATMENT 

UT, WT. 

PIT, WT, 

9 

1 

Normal 

56 


26.0 

3.3* 

6 

366 

53 


28.9 

3.2 

7 

Normal 

57 

0.5 7 estrone 

56.2 

3.1 

7 

553 

64 

0.67 estrone 

61.0 

3.7 

9 

Normal 

67 

1.0 7 estrone 

64.1 

3.8t 

6 

388 

52 

1.0 7 estrone 

65.0 

3.6 

3 

Normal 

56 

1.57 estrone 

82.5 

3.7 

5 

312 

56 

1.5 7 estrone 

77.4 

3.5 


* Average weight of 5 pituitaries. 
t Average weight of 3 pituitaries. 


Since the vaginal smear response to exogenous estrogen appeared to be slightlj^ 
greater in diabetic than in non-diabetic rats, it seemed important to determine 
whether the atrophic ovaries of diabetic rats were capable of supporting a normal 
estrous cycle. A group of nine noimial adult female rats were used, ’i^aginal 
smears were followed for eleven days preceding alloxan administration to ascer- 
tain that cycles were within the nomial range. Alloxan injections in diabeto- 
genic doses (50-60 mgro./kgm.) were made intravenously, and the vaginal smears 
were follov'ed for an additional 25 days follovang the onset of diabetes (fig. 2). 
Four of 9 rats were found to have single estrous cycles after diabetes was pre- 
cipitated, then became acyclic. Five of 9 rats were acyclic for the entire dia- 
betic period. It ivas of interest to note that rat 11 had an estrous smear begin- 
ning the third day of diabetes and lasting for 3 days. 

The results indicate that the ovaries of diabetic rats do not function normally, 
but that the accessory organs are reactive to the estrogen administration with 
equal or greater sensitivity than are the same organs of normal rats. 

It is well knoATO that unilateral adrenalectom}'' results in hj^pertroph}’' of the 
intact adrenal. The hj-pertrophy is analogous to ovarian Inpertrophy after 
unilateral ovariectomy, and is dependent upon the secretion of adrenotrophic 
hormone by the pituitary gland (10). The extent to which adrenal hypertrophy 
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would occur in diabetic rats appeared to be relevant to the question of whether 
diabetes resulted in general inactivity of the pituitary gland or if the gonado- 




Fip. 2. Tlic cfTccts of diabetes upon the estrous cycles of adult rats; 

(solid blocks) cornified cells; (left diagonal) nucleated cells; (cross) death of animal 


tropliin decreases were independent of other pituitary function. Iwo approaches 
to adrenal hypertrophy wore used, the first by unilateral adrenalectomy and en- 
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suing hj’pertrophj’’ of the remaining adrenal in diabetic and non-diabetic rats, 
and the second by comparison of regeneration of adrenals from the capsule after 
adrenal enucleation. 

For the first experiment jmung adult female rats were used. The left adrenal 
glands were removed and weighed. The average adrenal weights for the two 
groups were 17.7 and 1S.6 mgm. Then alloxan in 50-60 mgra./kgm. doses was 
given by intravenous administration to the first group. Blood glucose deter- 
minations were made ei'er}’- second or third day during the experimental period. 
The rats were autopsied on the 12th day following unilateral adrenalectomy and 
alloxan administration. The average weights of right adrenal glands in diabetic 
and non-diabetic groups were 32.2 and 33.8mgni. re.spectively. It can beseen that 
the intact right adrenal gland of the diabetic rats h 3 ’pertrophied to as great a 
degree in absolute units as did the intact adrenal gland of non-diabetic rats; 
the relative hypertrophj'- (expressed as milligrams per 100 grams of bod}’’ weight) 

TABLE 6 


Hypertrophy of adrenals in diabetic and non-diabetic rats after unilateral adrenalectomy 


NO. OF 
RATS 

BODY WI. (Git.) 


ADRENAL WI. (uOSt.) 


Beginnmg 

i 

Ending 

GLUCOSE j 

Left excised 

Right 

remaining j 

1 % difference 

PIT. WT. 

6 

137 

126 

msm./IOO cc. 

381 

17.7 

(13.0)* 

32.2 

(25.5) 

1 • ; 

81.9 i 
' (96.1) j 

s.o 

12 

136 

144 

136 

18.6 

(13.7) 

33.8 

(23.0) 

78.5 

(67.9) 

10.4 


* Expressed as mgm./lOO grams of body wt. 


was greater in diabetic than in non-diabetic animals (table G). The pituitary 
weights of the diabetic rats were smaller than those of the non-diabetic rats, 
as had been noted in tlie other experiments. 

Adrenal enucleation was performed in young adult female rats, using the dorsal 
approach (table 7). An incision ivas made in the capsule of the adrenal gland 
and the cortex and medulla were removed bj^ gentle pressure. At the time of 
adrenal enucleation some of the animals were given diabetogenic doses of alloxan 
(50-60 mgm./kgm.) b 3 " intravenous injections. All the rats were maintained on 
1 per cent saline as drinking water for 10 da 3 ''s; thereafter tap water was used. 
Blood glucose determinations were made ever 3 ' second or third da 3 ^ throughout 
the experiment. The rats were autopsied 3 weeks after the adrenal enucleation 
and the regenerated adrenal corte.x was dissected out and Aveighed. For tAVO 
groups of diabetic rats the adrenal Aveights AA'ere 30.2 and 29.2 mgm. and for tAvo 
control groups the corresjAonding adrenal AA'eights AA'ere 29.5 and 30.2 mgm. The 
results of the experiment indicate that adrenal regeneration in the diabetic rats 
Avas equal to that in non-diabetic rats on an absolute AA'eight basis, and slight^' 
greater on a rclatiA'e basis (mgm./lOO grams of bod 3 ' AA't.). Statistical anab'scs 
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indicated that no significant differences existed between diabetic and non- 
diabetic adrenal weights either after unilateral adrenalectomy or adrenal enucle- 
ation. Significant (p = <0.05) and highly significant differences (p = <0.01) 
were found between the diabetic and non-diabetic rat pituitary weights for the 
two experimental procedures. 

The results of the experiments in unilateralb’’ adrenalectomized and adrenal- 
enucleated diabetic and non-diabetic rats give evidence that the adrenotrophic 
function of the pituitary gland is unimpaired in diabetic rats, in contrast to the 
marked impairment of gonadotrophic function of diabetic rat pituitaiy glands. 

ICi-aus (8) studied clinical material from diabetic patients and reported a clear 
decrease in the weight of the hj-pophysis, greatly diminished eosinophils both as 
to number and size, an increase of the “main” cells, and an apparent h 5 'dropic 
degeneration of the basophils. Serious changes in the ovaries of diabetic 
patients, consisting of “atroph}’’ of the primordial follicles and corresponding lack 


TABLE 7 

Adrenal cnculcalion and regeneration in diabetic and non-diaheiic rats during S weeks 


NO. or RATS 

BOPY WEIGHT (CUS.) 

BLOOD GLUCOSE ' 

1 

ADRENAL WEIGHT 1 

PITUITARY WT. 

1 Beginning j 

Ending 



mamm 

mzm./JOO cc. 

mtm. 

fngm. 

5 



400 

30.2 (20.3)* 

9.1 

5 



148 

29.5 (18.0) 

13.6 

12 



323 

iBBB 

8.9 

14 

■■1 

■■ 

120 

30.2 (18.3) 

12.0 


* Adrenal weight in mgm./lOO grains body weight. 


of follicle maturation and absence of corpora lutea” were described. He further 
reported “a striking decrease in weight” in 2 of 3 pairs of ovaries of grown women. 
The changes in the ovaries studied by Kraus are entirely similar to those found in 
the ovaries of diabetic rats, and the diminished weights of both pituitary' glands 
and ovaries are in accord with the findings presented here for experimental dia- 
betes in rats. 

Pituitary gonadotrophic dysfunction in diabetic rats has been noted previousb'^ 
by Shipley (5) in single diabetic rats, and in rats in parabiosis with non-diabetic 
partners. Both FSH and LH factors appeared to be affected. The data pre- 
sented here extend and confirm the earlier obseivations concerning pituitaiy ab- 
noiTnalitics in e.xperimental diabetes (Shipley, 5). Earlier preliminaiv experi- 
ments indicated that insulin can reverse the gonadotrophic deficiency of the 
pituitary glands of alloxan-diabetic immature rats, and the work will be extended 
to cover experimental groups similar to those included in this paper. 

SuMM.rny. 1 . Ovarian hypertrophy after unilateral ovariectomy was observed 
in } oung adult diabetic rats. The weight increases were 2.5 and 36 per cent for 
diabetic rats as compared to 147 and 91 per cent for non-diabetic rats. 
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2 . Crude saline extracts of beef pituitary glands gave an ovarian weight in- 
crease of 52 per cent in non-diabetic and 48 per cent increase in diabetic rats 
over the corresponding untreated groups. The diabetic rat ovaries, untreated 
and treated with APE, were 20 per cent and 22.G per cent less than those of 
corresponding non-diabetic groups. This difference was attributed to differences 
in endogenous gonadotrophins of diabetic and non-diabetic rats. 

3. Crude APE given to rats for 5 days during starvation resulted in 17 and 
84 per cent absolute increases over untreated fasted rat ovaries (30 and 49 per 
cent increases on a relative basis, i.e., mgnr./JOO grams of bod}" weight). 

4. Purified FSH prepai’ations administered to diabetic and non-diabetic rats 
gave greater ovarian weights and greater percentage increases than did equi^'alenl 
doses in non-diabetic animals. 

5. Esti'one administrations to ovariectomized immature diabetic rats gave 
equal or greater responses in diabetic than in non-diabetic animals. 

6 . Adrenal hj^pertrophy after unilateral adi-enalectomy in diabetic rats was 
equal to the hypertroph}'' in non-diabetic, unilaterallj’" adrenalectomized rats. 

7. Adrenal enucleation in diabetic rats was followed by adrenal cortical re- 
generation to an extent equal to that in non-diabetic adrenal-enucleated rats. 

8 . Ovariectomized diabetic rats given I 7 estrone per day had more complete 
vaginal cornification than did non-diabetic ovariectomized rats given equivalent 
doses of estrone. 

9. Rats that had regular estrous cycles became acj’^clic after alloxan-diabetes 
was induced ; 4 of 9 rats had single estrous cycles within 5 days from the time of 
alloxan injection. 


CONCLUSIONS 

Untreated dialietic rats have greatly impaired pituitary gonadotrophic func- 
tion. Rats recently made diabetic respond to exogenous gonadotrophin and es- 
trogen. Pituitary adrenotrophic function appears to be unimpaired in diabetic 
rats. 
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Diverse views have been expressed concerning the functional relationship 
between the thyroid gland and the gonads. Some workers (Zawodowsky, 1927 ; 
Da Costa and Carlson, 1933; Smelser, 1937-1938) have reported that gameto- 
genic activity is impaired in hjT^erthyroidism, while others (Hoskins, 1916; 
Iscovesco, 1913; Crew, 1925; Kunde, Carlson and Proud, 1929) have presented 
evidence suggestive of increased gametogenic activity. Several other workers 
(Schneider, 1939a, 1939b; Hamblen, Pullen and Cyler, 1941; Richter, 1944) 
would interpret this diversity as due to imbalance of katabolic and anabolic 
processes ndthin the germinal tissue. In the present study our prunary objective 
was to obtain quantitative and more reliable data on the effect of hyperthyroid- 
ism on genital structure and function than has been obtained in the past. At 
the same time, because of the nature of our experimental approach, it seemed 
desirable to include some obseiwations on the effects of ligation per se on the geni- 
tal tract structure and function. 

M.'VTERIAls and methods. Sexually mature male albino rats weighing be- 
tween 240 and 305 grams each were used. Bj’- random selection tw'enty-four 
rats were separated into four experimental groups having the same living con- 
ditions and same diet. 

Seven animals comprising group I were subjected to bilateral ligation of the 
vas deferens, with the ligatures located in the proximal segments of the vasa near 
their junctions with the epidid 3 Tni. Seven animals comprising group 11 were 
subjected to the same operation as the group I animals but in addition were 
administered 30 mgm. of desiccated thyroid (Armour) daily bj’- stomach tube for 
ten successive days, beginning with the third post-operative day. Five animals 
comprising group HI were subjected to mock-ligations and beginning with the 
third post-operati\'e day were given 30 mgm. of desiccated thju'oid daily for ten 
successive days by stomach tube. Five animals comprising group IV were 
subjected to mock-ligations only and I’etained as noi’mal controls. 

In all cases at the end of the thirteenth post-operative day, the testes and epi- 
didymi were removed and weighed separate^. Immediately thereafter the}^ 
were fi.xed for microscopical study. Individual body weight changes were re- 
corded daily throughout the experimental period for use in indicating the relative 
degree of hyperthyrosis in those groups receiving thyroid. All data w^as tested 
by Fisher’s formula (1928) for small samples and found reliable. 

Results. The quantitative measurements obtained on body weight and on 
the gonads and epidid 5 Tni of each experimental group are summarized in the 
accompanying table and are self-explanatory. 

Microscopic findings. Peri-tubule edema of and disorganization of the ger- 
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minal epithelium of those parts of the seminiferous tubules adjacent to the rete 
testis characterized the testes of the ligated-normal animals (group I). ■ Although 
from a histologic standpoint the degree of damage to testis structure and function 
could not be ascertained satisfactorily, the loss in testis weight shows that these 
organs suffered some pressure atrophy due to the ligation of the vasa deferentia 
(table). The testes of the hyperthyroid-ligated animals showed the same pres- 
sure ini'olvement as that occurring in the ligated-normal animals. They differed 
from those of the normal-ligated control group in that the geiminal epithelium 
was composed predominantlj'- of speimatids, speim and secondary spermatocytes 
and that the seminiferous tubules rather uniforml}’- contained more sperm. The 
testes of the hj'pertlyu'oid animals (group III) showed no obidous change from 
normal. The testes of the noimal control group animals (IV) showed no pecu- 
liarities. 


TABLE 1 



1 

TESTES 

•grams % j 

EPWW. 
GRAMS % 

testes l£ 

EPJVID. 
CRAMS % 

BODT WEIGHT CHANCE 

IK GRAMS 

I 

Ligated-normal 

0.9551 

0.5744 

1.5304 

18 grams increase 

II 

Hyperthyroid-Hgated 

1.2764 

0.6609 

— 

8 grams decrease 

III 

Hyperthyroid 

1.2432 

0.4078 

1.6512 

1 gram increase 

rv 

Normal 

1.1462 

0.3440 

1.5053 

16 grams increase 


* Grams per 100 grams of body weight. 


In all animals which were subjected to bilateral ligation of the vasa deferentia 
(groups I, II), sperm atoc 3 ’’sts were foimed pro.xiraal to the sites of the ligatures 
and were filled with both normal and degenerating germinal products. All 
proximal levels of the epidid 3 uni contained abundant speim with occasional 
immature foims. The epididjmi of both the h 3 'perth 3 u-oid (group III) animals 
and the normal controls (group IV) appeared completely normal. 

Discussion. In the past, anab’-ses of the role of the thyroid on gametogenic 
function have emplo 3 Dd simple changes in weight of the gonads and the relative 
abundance of speim in the testes and epidid 3 mi as criteria of the level of gameto- 
genic activit 3 ’- (Hoskins, 1916; Zawodowsk 3 ’', 1927; Smelser, 1934; 1937-1938; and 
Greenwood and Chu, 1939). These procedures do not take into consideration 
the fact that 1 , the genital S 3 ’'stem is neither an anatomicalb’’ nor a functionalb’’ 
closed S 3 "stem, and 2, the possibilit 3 ’' of an alteration in the functional rate of the 
complex but highb’’ effective mechanisms for transporting germinal products 
through the efferent genital ducts (Toothill and Young, 1931; Simeone and 
Young, 1931 ; Moore and Quick, 1924, et al.). It has been shown with regard to 
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the second point that sperm transference is notably increased in hyperthyroidism 
(Richter, 1944). It seemed to us that one must prevent this mass movement of 
germinal products through the efferent genital system if reliable significance 
regarding gametogenic activity of the testes is to be attached to changes in weight 
of the genital tract or to sperm abundance in hyperthyroidism. The only satis- 
factory method of accomplishing this is by ligation of the vasa deferentia . Com- 
parison of the testis-epidid 3 Tnis weights of the normal-ligated animals with 
those of the hyperthyroid-ligated animals reveals that the latter increased 27 
per cent above those of the normal-ligated control group animals. The major 
part of this 27 per cent genital weight increase was due to the effect of thyroid 
on the testes. This is especially significant because it means that those portions 
of the seminiferous tubules not suffering from pressure atrophy were markedly 
stimulated to over-activitj’- bj’- the induced hyperth^Hoid state. 

The combined testis-epididjnnis weight of the hyperthyroid animals (group III) 
was 9 per cent above that of the normal control group (IV) but this difference 
statistically is just witliin the limits of reliabilitj’’ and can be disregarded. In 
either event the similaritj’’ in genital tract weights of these two groups (III, 1^0 
is due to the relatively mild hj^perth^HOsis induced in the group III animals and 
also due to the fact that the germinal products are transported more quickly 
through the epididymis and vas deferens in In’perthyrosis (Richter, 1944). At 
the same time, it makes- it doubly evident why sperm counts or simple testis or 
epididymal weights do not in themselves constitute accurate indices of gameto- 
genic function in hyperthjTosis because they cannot and do not, in the absence 
of ligated vasa deferentia, provide a measure of those excess germinal products 
which, in a sense, overflow during the hyperthyroid state into the distal levels of 
the genital tract. 

The effects as we observed them of vas deferens ligation (group I) on testis 
structure and function are in agreement with those reported by others (Nonidez, 
1924-1925 ; White, 1932 •, Hotchkiss, 1944 ; Oshmd, 1926', Moore, 1931) in that 
I'as deferens ligation causes partial loss of gametogenic function due to pressure 
atrophy of portions of the seminiferous tubules and contributes to the formation 
of a spermatocyst at either the epididymal or vas deferens level. The literature 
bearing on the relation of the site of hgation to gametogenic impainnent and 
spermatocyst formation is both controversial and vague (VTiite, 1932; Van Wage- 
nen, 1925; Moore, 1931). In view of the literature and of certain other unpub- 
lished data, it is suggested in order to avoid as much as possible impairment of 
gametogenic function and spermatocyst formation with its tendenc}" to become 
fistulous, that in practice the site chosen for ligation be well distad in the vas 
deferens. 

The findings that desiccated thjwoid medication 1, raises the functional level 
of the mechanisms for transporting germinal products through the efferent genital 
tract, and 2, stimulates gametogenic activity in those portions of the seminiferous 
tubules not damaged by vas deferens hgation, are of clinical application in the 
reinstatement of normal genital tract function to previously vasectomized 
patients. 
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STBIMAKY 

1. The effects of h 5 ^pertlija'oidism on genital tract weight and structure of male 
albino rats with and Avithout ligated A'asa deferentia Avere studied. 

2. Quantitath'^e data and microscopic findings shoAA’ that gametogenic function 
and the transference of germinal products through the efferent genital tract are 
increased in hj’^perthyroid states. 

3. Ligation of the A^as deferens near its junction Avith the epididymis induces 
partial degeneration of the seminiferous tubules but th 3 Toid medication in such 
instances significant^ increases the gametogenic function of the undamaged 
tubules. 

Acknowledgments. The Avriters AA'ish to express their thanks to M. Marie 
Battle, Mrs. Ruth Sugg, and Mr. H. W. Hooper for certain technical assistance. 
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The onty unequivocal evidences of acclimatization to environmental conditions 
differing radicallj' from normal temperate environments are those reported 
to occur in hot environments (4, 5, 12, 14). Data on the process of acclimatiza- 
tion to cold are lacking, although Bazett and his co-workers (1, 2, 16) have' 
demonstrated slow adaptations to cool environments. A most remarkable 
example of adaptation to an ambient of approximately 0°C. has been shown to 
occur in the Australian aboriginal (6). Not onl}" does he exhibit a greater 
lability toward vasoconstriction but also his heat production on exposure to 
cold remains at a constant level. On the other hand, according to Hill and 
Campbell (7), children receiving cold open-air treatment have elevated basal 
metabolic rates. Eskimos also exliibit BMR’s from 14 to 21 per cent above 
normal standards (3), Animals have increased metabolic rates during and 
immediately after a period of continuous exposure to cold (11, 13, 15). 

Most of these observations were made at relatively warm environments, 
freezing and above, and consequently do not provide the answer as to whether 
acclimatization occurs in the very extreme ambient temperatures observed in 
arctic and sub-arctic regions. Arctic explorers differ widely in their opinions both 
as to the occurrence and the rate of development of acclimatization. 

In previous reports, Honmth and co-workers (9, 10) discussed the effects of 
short intermittent exposures to environments as low as — 47°C. on the func- 
tioning of the heat regulating apparatus of men who either sat quietly or worked 
at a standard rate. Due to the nature of the observations, it was not possible 
to obtain evidence for or against the development of acclimatization to low 
temperatures. The data to be presented in this paper are concerned primarily 
with the reactions of men to an eight day period of continuous exposure to an 
ambient temperature of — 29°C. 

Methods. A group of ten healthy jmung soldiers^ were trained for twelve 
days outdoors in the July heat of Fort Knox, Kentuckjr, Their training con- 
sisted of Avalking a distance of 12 miles daily at a speed of 3.0 mph. Additional 
walks on the treadmill were also made dailj\ After this preliminary period, 
the}'^ were brought into the cold chamber described in another report (9) and 
remained there for three daj^s in an envirionment of 25°C., R. H. 50 per cent. 
The chamber was then cooled to — 29'’C. Six of the ten men remained in 

^ Now at the Department of Physical Medicine, University Hospital and Graduate School 
of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania. 

2 Now in private practice, 1000 North Elm, Greensboro, N. C. 

5 Now a student at Ohio State University Dental School, Columbus, Ohio. 

^ Average age, 21.5 years; height, 68 inches; weight, 155 pounds; and surface area, 1.83 
square meters. 
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the cold room continuously day and night for eight days, while the remaining 
four slept in their barracks at night, but entered the cold chamber before 
brealcfast each morning and remained there until after sundown each eve- 
ning. Thej’' engaged in practically the same activities as the six men who 
resided continuously at — 29°C. In the cold room the men wore the six piece 
Arctic Suit® M-1942, which has an insulative value of 3 to 4 Glo. Their daily 
activities for the three days previous to cooling the chamber, for the eight days at 

— 29°C., and for the three days following the cessation of their low temperature 
exposure consisted of tliis set pattern: One hour’s walk at 3.0 mph. after break- 
fast, then two hours of quiet sitting followed by lunch; after lunch, an hour’s 
walk, a half hour’s heavy work period, another hour’s walk, a period of quiet 
sitting for 40 minutes, a series of ps 3 mhological tests, and then dinner. . There 
was some entertainment in the forai of radio and reading during the da,v and 
motion pictures in the evening. Partial escape from the cold vras permitted in 
the evening bj'^ the provision of a small hut in the cold chamber (temperature 

— 5 to 0°C.). However, the men usuallj’^ retired into their sleeping bags early in 
the evening. 


TABLE 1 


SUBJECT 

AGE 

1 

HEJCHT 

WEIGHT 

SOTFACE AREA (il*) 



cm. 

kg. 


FO 

19 

182 

76.6 

1.98 

cu 

20 

175 

70.6 

1.85 

RE i 

20 

172 

65.8 

1.76 

MO 

19 

165 

56.6 

1.64 

BE 

27 

178 

68.7 

1 2.00 


The results of studies on fluid balance, blood, and ps 3 ’’chological responses 
(8) will be reported in later publications. The present paper is based primarily on 
observations of the sitting and Working metabolism of five of the ten subjects. 
' Onfv one of these five men was a member of the group wliich spent a portion of 
"its time outside the cold room. The ph 3 '^sieal characteristics of these subjects 
are given in table 1. The procedures emplo 3 'ed in tliis investigation were similar 
• to those previous^'' described (9, 10). The sitting metabolism of subject BE 
-was obtained irith a closed circuit apparatus and consequent^" for two hours he 
•breathed air which was at a temperature of -}-20'’C. For all the other sitting 
•subjects the temperature of the inspired air was — 29°C., the expired air being 
■'■collected for ten minutes in Douglas bags. Anabases of aliquots of the collected 
•air were made in duplicate on Haldane machines. Skin temperature data were 
'incomplete, since the correct teclmiques for preventing breakage of the copper 

■ • “ This consisted of two sets of f inch pile trousers, two sets of f inch pile parkas and a 
white cotton camouflaged outer suit. The inner pile suit was worn with pile towards the 
skin, while the pile of the outer suit faced the camouflaged garment. Two pairs of heavy 
wool socks were worn inside mukluks. Hand protection was provided by a pair of wool 
gloves and outer shell mittens (iM-1943). 
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constantan thermocouples had not been fully developed. However, some data 
on toe temperatures were adequate and will be discussed. Rectal temperatures 
were obtained by means of calibrated clinical thermometers. 

Results and discussion. The average rectal temperature of the five subjects 
throughout the day (measurements made on arising, after first work period, after 
rest period, after each of three afternoon work periods, and prior to retirement) 
was approximately 37.8°C. during the entire eight days at low environmental 
conditions. This was verj* similar to values obtained during the preliminarj' 
and the post-exposure periods. No significant changes were noted in the basal 
rectal temperatures secured while the subjects were still in their sleeping bags. 
Variations were noted in each subject but were not consistent. Basal values 
as low as 35:2°C. were found in a number of cases. The rate of fall of rectal 
temperatures during the sitting periods did not differ appreciably on any of the 
eight days. During the last third of the sitting period of the third day, there was 
observed a large fall in the rectal temperatures of all subjects, but its cause was 
not determined. Since adequate consecutive data on mean skin temperature 
were not obtained, changes in mean bodj'^ temperature could not be estimated. 
In the few subjects on whom chest and thigh temperatures were successfully 
secured on all days at the low ambient temperatures, no changes attributable to 
duration of exposure were found. 

The basal heart rate was not altered during the period of cold exposure. The 
mean values on the second day of cold were 56, on the fifth day, 55, and on the 
eighth day, 58. The heart rates during the sitting periods (table 2) were var- 
iable and might be explained as due to increased muscle tone or slight shivering 
by some of the subjects. 

The mean oxygen consumption (open circuit method), during the two hours 
that four subjects sat quietly (fig. 1), showed an increase of approximately 30 
per cent over control values at -b25°C. Detailed data secured at three points 
during each two hour sitting period are given in table 1. No consistent pattern 
was exhibited during the eight days of exposure. While in general all subjects 
showed a trend to remain at an elevated level during the exposure to cold, two 
roughly similar groupings were noted in the daily variations of caloric expendi- 
iture. Nothing in the past experiences or the physical characteristics of the 
subjects could be correlated with these patterns. 

After returning to a comfortable environment, the subjects’ oxj'^gen consump- 
tion decreased but was still higher than the pre-cold control values. This stimu- 
lating effect of cold exposure confirmed the results of animal experiments con- 
ducted by Horvath et al. (12). 

It is of. interest to compare the metabolic rates obtained on two subjects 
similarly exposed (fig. 2) when one of them, BE, breathed warm air while the 
other, FO, breathed cold air (— 29°C.). Neither of these two subjects reported 
gross shivering, although thej’’ undoubtedly had some increased muscular tone. 
The increased metabolism was seen initially in both subjects, but after the first 
three da5^s BE’s heat production began to decrease, and in the last few days it 
was only slightly elevated. This response would be considered a classic e.xample 
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of acclimatization to cold except that it was not noted for any of the four subjects 
who were breatliing cold air. The after-stimulating effect of cold on metabolism 
was not observed to occur in subject BE. It is of special note that, while all the 
subjects reported they did not mind the cold so much after the first few days, 
only BE stated that he was definitelj’’ more comfortable. Whether he was the 
onW subject to be acclimated or whether the breatliing of warm air was the 
deciding factor was not then determined. Some experiments performed later 


TABLE 2 

The mean metabolic values obtained on four subjects who sat for a period of two hours each 
day during continuous exposure to the designated environmental temperatures 



R.Q 


0.S3 

0.80 


0.83 

0.75 






Ventilation L./min. ... . 

8.2 

10.5 

9.9 

9.6 

9.4 

11.0 

^^9 


9.2 

8.3 

8.3 

O.Ny. cons. ml. /rain. ,. 

354 

482 

472 

451 

427 


461 

501 

378 

368 

378 

Cnl./hr 

173 

233 

230 


200 


224 

245 

183 

176 

183 

Rectal temp. °C 

37.2 

37.0 

37.3 

37.4 



mmtm 

36.5 

36.0 

36.7 

36.9 

Heart ratc/min. . .. 


02 

68 

74 

74 

78 

66 

69 

81 

75 

74 


At 80 minutes 


R.Q 

0.89 

O.SS 

0.82 

1.04 

0.86 

0.90 

0.88 

0.85 

0.94 

0.92 

Ventilation L./min 

7.5 

8.5 

8.0 

8.4 

9.0 

12.0 

9.4 

9.8 

9.5 

9.9 

O.ry. cons, ml./rain 

307 

358 

368 

316 

381 

503 

374 

416 

303 

309 

Cal./lir 

150 

175 

178 

161 

180 

247 

182 

202 

151 

153 

Rectal temp. '’C. . . 

36.7 

37.1 

37.2 

37.1 

36.9 

37.1 

36.9 

36.0 

36.9 

36.8 

Heart ratc/min. 

74 

72 

78 

72 

78 

SO 

63 

70 

81 

70 


At 120 minutes 


R.Q 

0.88 

0.82 

0.81 

■0.88 

0.85 

O.SO 

0.83 

0.92 

0.82 

0.80 

0.82 

Ventilation L./min 

7.4 

9.4 

9.2 

9.5 

9.7 

10.2 

9.4 

9.6 

8.5 

7.9 

7.8 

Oxy. cons. ml. /min 

300 

400 

426 

419 

442 

455 

424 

420 

354 

330 

332 

Cal ./hr 

136 

193 

204 

210 

215 

222 

205 

208 

171 

158 

160 

Rectal temp, ®C 

36.9 

30.9 

30.9 

30.3 

S6.S 

36.9 

30.8 

30.7 

30.9 

30.6 

36.9 

Heart rate/min. 

66 

G4 

61 

65 

59 

75 

72 

73 

74 

76 

70 


failed to demonstrate any beneficial effects of breathing warm air during short 
periodic exposures to low environmental temperatures. 

The toe temperatures obtained on BE and FO are of considerable interest 
(figs. 3a and 3b). They show the changes that occurred during the three hour 
morning periods (S to 11 o’clock). Their toe temperatures were quite low from 
a\\;akening through breakfast, but the walk raised them to fairly high levels. 
During the subsequent two hours of cooling, seated subject FO (fig. 3b) exhibited 
a strikingly similar pattern on all days, his final temperatures reaching the 
neighborhood of 10°C., similar to his pre-exercise levels. On the other hand, 
BE's toe temperatures presented definite evidence of an acclimatization effect 
























— key 

• SUB 8® 

O -^SUB Fo 

Fig. 2. Average oxygen consumption of two subjects sitting for two hour periods while 
residing continuously at the designated ambient temperatures. 


in that the extremities not only warmed up more rapidly and to a greater degree 
on the last days of cold exposure, but also cooled at a definitely slower rate. 
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• 2ND oar o 0 5TH oar 

a ——a 3RD oar a »8Th oar 


Fig. 3a. Toe temperatures of subject BE (one of the tu-o subjects of fig. 2) during the 
morning hours of a period of continuous residence at a low environmental temperature. 



Fig. 3b. Toe temperatures of subject FO (one of the two subjects of fig. 2) during the 
morning hours of a period of continuous residence at a low environmental temperature. 

There was a positive correlation between the higher final toe temperature and the 
mean caloric production during this cooling-off period. When his extremities 
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•were cold, his metabolic rate was elevated and vice versa. If BE had been our 
only subject, definite evidence of acclimatization, in the usual interpretation of 
the word, again would be said to have occurred. However, his response was 
atypical in view of the reactions of the other subjects, and the breatliing 
of warmer air may have altered Iris responses to some extent. 

Metabolic observations were made on four subjects perfoiming a standard 
amount of work at 25° and — 29°C. Unfortunately, a follow-up period at 25°C. 
was not possible due to our having only one treadmill. Average data on four 
subjects are presented in table 3, -vnth a graphic presentation in figure 4 of the 
findings on subject CU. As previousljf reported (10), exposure to low environ- 
mental temperatures was accompanied b}”^ an increased energj'^ expenditure for 
the performance of a standard amount of work. The 25 per cent average rise 

TABLE 3 


Metabolic obscrralions on four (4) men, dressed in Arelic clothing and walking’on a 
treadmill at 3.0 MPH and a 3.3 per cent grade tvhilc exposed to an emnron- 
mental temperature of ~29.0°C. continuously for eight (S) days 


KL 

TEUPERATURE 

VEKTILATION 

RESPIRATORY 

QUOTIENT 

OXVGEN 

CONSUMPTION 

HEAT PRODUCTION 

L./min 

A% 


A% 

L./min 

A% 

Cal/hr 

A% 

+25.0®C. 

26.7 

i 

0.92 

i 

1.22 


360 


Da 3 's at — 29.0°C. 




1 


i 



First 

33.2 

24.3 

j 0.86 

-6.5 

1.65 

35.2 

483 

34.2 

Second 

31.1 

16.5 

0.87 

-5.4 1 

1.50 

23.0 

440 

22.2 

Third 

30.9 

15.7 

0.88 

-4.4 

1.54 

26.2 

452 

25.6 

Fourth 

32.4 1 

21.3 

0.90 

-2.2 

1.51 

23.8 

448 

24.4 

Fifth 

32.6 ! 

22.1 

0.86 

-6.5 1 

1.59 

30.3 

464 

28.9 

Sixth 

31.3 

17.2 

0.89 

-3.3 

1.46 

19.7 

430 

19.4 

Eightli 

29.8 

11.6 

0.86 

-6.5 

1.50 

23.0 

438 

21.7 

Average* 

31.6 

IS. 4 

0.87 

— 5.0 

1,54 

25.9 

451 

25.2 


* For days at — 2£).0°C. 


in caloric output was slightlj% but not significantly, Irigher in tlris group of sub- 
jects than in the group exposed for only a single hour to a similar ambient tem- 
perature (10). The energj' expenditure during work decreased with continued 
exposure to the low ambient temperature. Although no regular pattern was 
evident in this increased efficiency of performance, viz., a return to cool en- 
vironmental levels, the values obtained on the last two days were the lowest ones 
obserwed in the cold. Thus, continrred exposure appeared to have a definite 
effect on physiological functions in that stimulation due to cold was less erddent 
toward the end of exposure. This effect was not noted in all of the subjects 
(fig. 4). Except for his second day at -29°C., CU showed only minor changes 
in caloric output, which was partially a reflection of the slight rise in R.Q. ob- 
served in this subject. 

The average oxygen consrrmption of the four subjects appeared to have reached 

























Fig. 4. Observations made on subject CU during a one hour walk (a.ni.) on a treaumill 
at a speed of 3.0 mph and a 3.3 per cent grade before and during an eight day period of con- 
tinuous residence in an environment of — 29°C. 
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a fairly steady level after the first day in the low ambient temperature, the 
greatest variations being observed on the fifth and sixth days. The fall in R.Q. 
from the control days averaged about 5 per cent and showed minor variations 
during the succeeding days in the cold. The maximal fall occurred on the first 
day and, although it varied from day to day in the cold, it did not approach the 
pre-cold day values. Subject CU (fig. 4) again differed from the other subjects 
in that his R.Q. figures were generally higher during cold exposure than in the 
comfortable environment. 

The ventilation rates at all times were greater at — 29°C. than at 25°C. This 
increase, an average of 18.4 per cent, was accomplished through increased depth 
of breathing, as the respiratory i*ate was not affected. The smallest increase, 
approximately 12 per cent, was observed on the last daj’' of the test. The great- 
est change was noted on the first day in the cold. Lower values, but not in a 
definite progression, were found on all succeeding days. 

As illustrated in figure 4, the rectal temperature at the completion of the work 
period remained relatively constant during the successive days of cool and cold 
exposure. It is unfortunate that the constant breakage of thermocouples pre- 
vented collection of adequate data on the changes in body surface temperatures. 
The thigh temperatures obtained appeared to be higher on the last days than on 
the first days of cold exposure. The heart rate slowly decreased, the average 
fall being 12 beats. This may be in part a reflection of training. 

Although the cost to the individual to do a given amount of woi’k in the cold 
was always greater, a slight diminishing of tliis greater energy expenditure ap- 
peared to occur with longer periods of consecutive exposure to the low ambient 
temperature. This was reflected primarily in reduction of the total caloric out- 
put and the lowering of the minute ventilation volume. 

Only one of the quietly sitting subjects exhibited measurable improvement in 
his ability to tolerate cold. All of the other men had variable responses and none 
of the changes in the physiological measurements could be attributed directly to 
length of exposure. It is possible that the duration of exposure was too short and 
that changes similar to those seen in subject BE may have occurred if the ex- 
posure to the cold had been continued. 

There are indications that men do become acclimated to cold and that certain 
physiological mechanisms are involved in this process. LTnfortunatel.y, the in- 
dividual variations are so great that no clearly delineated statement of the 
mechanism can be given at this time. 

SUMMARY 

h'letabolic observations ivere made on five subjects who resided continuous^ 
for three days in a comfortable environment, 25°C., for eight days in a cold 
environment, — 29°C., and for another three daj'- period at 25°C. No changes 
in basal values for heart rate or rectal temperature occurred. The caloric ex- 
penditures during quiet sitting and while performing a standard amount of work 
were higher during, exposure to the low ambient temperature. The duration of 
exposure to low temperatures did not markedlj'' influence the energy output 
during the sitting period for four of the five subjects. The fifth individual, who 
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was breathing air of approximately 20°C. during this time, showed a striking de- 
crease in caloric output with increased exposure. The significance of this finding 
and its association with a higher level of toe temperature has been discussed. 
Four of the subjects exhibited an increased metabolic rate — ^an afterstimulating 
effect of cold — on their return to the control environment. This was not ob- 
served in the fifth subject, the individual mentioned above. 

The energy requirements for the standard Avork on a treadmill at 3.0 mph and 
a 3.3 per cent grade Avere increased during Iqav temperature exposure. A small 
but definite return towards normal values occurred Avith continued exposure, 
but its relation to the development of a state of acclimatization AA'as not clear. 
The decrease could be explained adequately on the participation of a number of 
other factors. 

There is some indication from the data accumulated in this study that ac- 
climatization to cold may occur, but at the present the evidence is too equivocal 
for a definite statement. 

Acknoiokdgmcnt. The authors Avish to express their appreciation of the ex- 
cellent co-operation of the enlisted men A\-ho A’oluntarily serA’ed as subjects and 
to Mr. James Gregg, M/Sgt. Walter Kupchick, T/Sgt. H; Bloom, and INIrs. 
Steven hi. Horvath, for their assistance in conducting the experiments and the 
analysis of the data. 
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The greater fatiguing effect of continuous standing as compared with Avalking 
is a phenomenon of common experience (1) and observations from daily life 
indicate that work which is performed while standing produces fatigue more 
rapidly and to a greater degree than the same work accomplished while sitting 
(2). The mechanism which creates this difference in fatigue is obscure. 

It is generally assumed that the usual balance oscillations of natural standing 
become increasingly unstable with fatigue although the opposite has also been 
reported. Militaiy standing and so-called “A” posture reduce the sway as 
compared to that of the relaxed natural stance, and the oscillations may be 
further suppressed, or augmented, b 3 '' the wearing of a pack (3). During preg- 
nancy there is accruing postural instability (4). The effect of long hours of 
car and truck driving is to increase the oscillations of standing balance (5, G). 
The steadiness of standing has been found to be closeh’’ related to the time of - 
day (7, 8). Prolonged sleeplessness results in marked deterioration in the 
ability to stand erect with the e 5 'es closed (7, 8). In a twenty-four hour in- 
vestigation of the effects of cumulative fatigue upon standing, we have observed 
that the subjects first manifested an increase in balance oscillations which was 
followed by a marked decrease during the latter hours of the experiment. The 
aggregate of evidence suggests that the fatigue effect of standing may be depen- 
dent upon its quantitative factor. 

The metabolic reaction to standing has been measured by numerous inves- 
tigators. The cost of passive stance without muscular effort was found to 
be small and to vary insignificantlj'^ from the normal fluctuations of recumbency 
(9, 10, 11) as would be expected. The muscular contractions of active stance 
cause a rise in the metabolic rate (12). The cost maj^ be increased still fui'ther 
bj" amplified balance oscillations; however, this is insignificant when compared 
with the high metabolic values for the muscular work of active movement (11, 
13). 

If the metabolic cost of standing is negligible, the accumulation of metabolites 
or the depletion of energy reserves, as the fatigue causative factor, apparently 
may be niled out (11). If so, what then produces the sensation of exhaustion 
so characteristic of protracted stance? Continuous standing is exceedingly 
trying to some individuals, and persons who have difficulty in making and main- 
taining the circulator}’- adaptation for the change from recumbency to standing 
experience unpleasant sensations. Individuals have a characteristic reaction 
to quiet standing which is repeatable, and patterns differ markedty from one 

' Aided by a grant from the Wisconsin Alumni Research Foundation. 

= A preliminary report of this work appeared in Fed. Proc. March, 1947. 
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individual to another (14). The evidence of poor circulatoiy reaction is said 
to be reflected in a sensation of great fatigue or of dizziness (14, 15). In suscep- 
tible individuals the effective circulation may become sufficiently embarrassed 
to produce syncope (14, 15), and standing after exercise may be terminated by 
collapse due to orthostatic circulatory insufficiency (9, 16, 17). There are 
individuals whose circulation adapts with apparent ease to strenuous activity 
but who find quiet standing difficult (15) and there is no present means of pre- 
dicting, or identifying fainters among medicalty and ph 3 '^sicalty fit young men 
other than actual tiltboard testing (17). The phj^siologic reactions to the stress 
of vigorous activity and to the stress of continued standing appear to be separate 
phenomena, movement having better adaptation due to survival value than 
quiescence (15, 17). 

It has been suggested that the sensation of stance fatigue is probablj" due to 
more or less acute hj'poxemia of higher brain centers which expert a regulatory 
influence over muscle tonus and cardiovascular respiratoiy mechanisms (2, 
11). If a subacute cerebral hj'poxia produces the sensation of stance fatigue, 
might this be reflected in a measurable ph)^siologic disruption of the stance 
equilibrating mechanisms which determine the magnitude and mean location 
of the balance oscillations during natural standing? To answer this question 
the present stud}’’ was undertaken. 

The purpose of this investigation was two-fold: to develop a method for pro- 
ducing fatigue of the antigravitj’’ muscles without untoward subsequent ortho- 
static circulator}’’ insufficiency, and to demonstrate any effect of fatigue upon 
stance equilibrating mechanisms. 

Methods. The subjects of the studj"^ were 17 healthy jmung women, non- 
fainters with one exception, ranging in weight from 41.4 to 66.0 kgm., in height 
from 155.0 to 173.7 cm., and in foot length from 21.6 to 26.4 cm. 

Standing and static effort were the methods of choice for inducing fatigue 
of the lower extremities. Static effort produces fatigue most readil}' and rapidly 
since the energj’’ expenditure does not increase in proportion to the load and 
duration but more swiftly (18, 19). Prelirainar}'^ experimentation showed 
that the duration and approximate load are measiu'able; that the effort maj' be 
maintained in the sitting posture with no untoward effects upon the circulation 
of non-fainters; and that it produces pulse rate and blood pressure responses 
comparable to those induced bj’^ moderate to hard muscular work. 

The apparatus emploj’ed to determine experimentallj’^ the locations of the height 
of the center of gravitj’’ in recumbenc}’’, and of the center of gi-avity in the 
standing position has been presented in detail elsewhere (20, 21, 22). 

The effect of standing and of static effort upon the height of the center of gravity. 
Standing. The subject stabilized comfortabty relaxed in a chair near the balance 
table. Standardized recumbency was assumed upon the apparatus, the total 
recumbent height and the point of balance were determined. The subject then 
stood in a natural position for 15 minutes. The total recumbent height and the 
center of gravity were redetermined (table 1). 

Static effort. After stabilization the total recumbent height and the point 
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of balance were determined. Assuming the sitting position, three five-minute 
bouts of static effort were performed with one minute of rest intervening. The 
subject then stood in a natural position for five minutes, then the total recumbent 
height and the balance point were redetermined (table 2). 

TABLE 1 


Effect of standing upon the height of the center of gravity 


SUBJECT 

RECUMBENT 

HEIGHT 

HEIGHT OF THE CENTER OF GRAVITY 

Before 

After 

Dif. 

Before 

After 

Dif. 


KM 

cnt» 

ctn* 




per cent 

RAA 

mm 

91.9 

91.6 




0.18 


IK 

92.0 

91.6 




0.25 

AMC 

158.3 

87.2 

87.2 

0.00 

55.09 

55.09 

0.00 

EC 

173.7 

96.4 

96.2 

0.20 

55.50 

55.38 

0.12 

CIE 

166.2 

92.5 

92.1 

0.40 

55.65 

55.41 

0.25 


166.5 

92.3 

92.3 

0.50 

55.74 

55.44 

0.30 


166.2 

92.8 

92.7 

0.10 

55.85 

55.77 

0.08 


165.4 

92.6 

92.0 

0.60 

55.99 

55.62 

0.37 


165.7 

92.4 

92.0 

0.40 

55.76 

55.52 

0.24 

MEE 

170.3 

92.7 

92.2 

0.50 

54.43 

54.12- 

0.30 

ERH 

167.2 

93.0 

92.8 

0.20 

55.60 

55.50 

0.10 

MAH 

159.3 

88.0 

87.6 

0.40 

55.24 

54.99 

0.25 

PVK 

169.6 

94.7 

94.4 

0.30 

55.84 

55.66 

0.18 

EML 

155.0 

84.9 

84.7 

0.20 

54.77 

54.61 

0.16 

CMM 

163.6 

91.2 

90.7 

0.50 

55.75 

55.44 

0.31 

MS 

173.0 

93.7 

93.0 

0.70 

54.22 

53.75 

0.47 

HW 

164.8 

92.6 

92.4 

0.20 

56.19 

56.07 

0.12 

Averages 

0.347 

55.43 

55.22 

0.216 


Results a7id their interpretation. Continued standing resulted in lowering 
of the balance point in 16 of the trials, with no effect on 1 individual. Amounts 
■\"aried from 0.00 to 0.70 cm. Static effort induced transient lowering in 18 
trials, with no effect in 3. The lowering ranged from 0.00 to 0.90 cm. The 
effect of static effort was slightly greater than that produced by continued stand- 
ing; however, both resulted in transient lowering of the balance point in a 
significant proportion of the cases. This confirmed the results of earlier 
investigations (23, 24, 25). The shift in weight balance, although the individual 
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deviations were statistically insignificant, may represent considerable pooling 
of blood in the lower extremities. 

The location of the height of the center of gravity in man has been of physio- 

TABLE 2 


Effect of static effort upon the height of the center of gravity 


SUBJECT 

HECUiTBENT 

HEIGHT 

HEIGHT OF THE CENTER OF GRAVITY 

Before 

After 

Dif. 

Before 

.^fter 

Dif. 


cm. 

cm. 

cm. 

cm. 

per cent 

per cent 

per cent 

RAA 

166.0 

91.7 

91.1 

0.60 

55.24 

54.87 

0.37 


166.0 

91.2 

91.2 

0.00 

54.93 

54.93 

0.00 

EC 

172.2 

Qo.7 

95.0 

0.70 

55.57 

55.17 

0.41 

AMC 

15S.3 

87. 4 

87.0 

0.40 

55.21 

54.96 

0.25 

CIE 

166.6 

92.9 

92.0 

0.90 

55.76 

55.22 

0.54 


166.2 

92.6 

92.3 

0.30 

55.71 

55.53 

0.18 


166.2 

92.9 

92.6 

0.30 

55.89 

55.71 

O.IS 


166.2 

92.3 

92.1 

0.20 

55.53 

55.41 

0.12 


166.2 

92.7 

92.2 

0.50 

55.77 

55.47 

0.30 

MEE 

169.7 

92.7 

92.2 

0.50 

54.63 

54.33 

0.30 

ERH 

167.2 

92.7 

92.7 

0.00 

55.44 

55.44 

0.00 


166.9 

92. S 

92.4 

0.40 

55.60 

55.33 

0.27 

i 

166.9 

92.6 

92.5 

0.10 

55.48 

55.45 

0.03 


166,9 

92.7 

92.3 

0.40 

55.54 

55.36 

0.18 

MAH 

159.4 

SS.O 

87.6 

0.40 

55.21 

54.96 

0.25 

PVK 

169.6 

94.9 

94.0 

0.90 

55.95 

55.42 

0.53 

EML 

155.0 

85.2 

85.2 

0.00 

54.96 

54.96 

0.00 

CMjM 

163.7 

91.6 

91.2 

0.40 

55.95 

55.71 

0.24 


163.7 

91.4 

90.9 

0.50 

55.83 

55.52 

0.31 

JN* 

160.2 

87.3 

86.8 

0.50 

54.49 

54.11 

0.38 

MS 

173.0 

94.2 

93.3 

0.85 

54.41 

53.93 

0.48 

Averages 

1 0.421 

1 

55.39 

55.13 

0.253 


* Subject with 6th lumbar vertebra 


logic interest for over two centuries. Numerous investigators have studied the 
problem on the living, the cadaver, and the fetus. Thej’’ originated and refined 
the method, devised different apparatus, and presented remarkablj’’ similar 
results. The height of the center of gravity from the soles of the feet was re- 
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ported to be from 54.8 to 59.8 per cent of the total recumbent height. It is 
lo^vest in the male cadaver (26), higher in men (24, 2/ , 28) than in. women (20, 
28, 29), and highest in children (30) and in the fetus (30, 31). Respiration and 
heart-beat cause fluctuations in height, and standing, walking, and running 
result in graded transient lowering of the center of weight (23, 25, 32, 33). The 
lowering was attributed to a “blood shift” toward the active muscles reported 
in gram centimeters per kilogram of weight as 136, 255, and 471, the mean values 
for 56 subjects determined on a recording balance table (25). The possible 
“blood shift” to the vascular reservoir of the lower extremities was estimated to 
average at least 870 grams, or nearly 2 pounds of blood more than the normal 
amount (34). This has also been reported as a displacement of an average of 
256 cc. of fluid during 15 minutes of quiet standing (9). The lowering produced 
in the height of the center of weight during standing, walking, and running re- 
ported in millimeters was 0.72, 2.21, and 5.38 (23). Our value for standing, 
3.47 mm. (table 1) is higher but compares favorably and the data also contribute 
the additional information that the effect of static effort, 4.21 mm. (table 2), 
is comparable to that of active exercise. Although the deviations were small, 
they represent a considerable pooling of blood in the lower extremities which 
probably results in decreased blood flow to the head with subsequent hypoxia 
in higher neural centers. Changes in the height of the center of weight may 
also stimulate equilibrator}' mechanisms. It is therefore suggested that the 
weight redistribution, the accompanying stimulation of equilibratoiy mecha- 
nisms, and the hj^poxia of neural centers may be component primarj’' factors in 
producing the complex sensation of the fatigue of standing. 

The effect of static effort upon the mean locus of the center of gravity oscillations 
during standing. The subject was seated comfortably relaxed on a stool beside 
the scale platform and allowed to stabilize. The subject then dipped the soles of 
the feet in potassium peimanganate solution and stood naturally in a stand- 
ardized foot position upon absorbent paper on the platform. A five-minute 
record of stance oscillations in the antero-posterior and lateral planes were made 
on a moving kymograph. Seated, with relaxed upper body and fully extended 
lower extremities, the subject supported a 4.5 kgm. sandbag placed across both 
ankles. Adhesive tape over the belly of the quadriceps femoris muscle held a 
silk thread taut to a straw lever which recorded any muscle tremor on a moving 
kymograph during the muscular effort. The static contraction was maintained 
for five-minute periods with one minute of rest intervening until unbearable 
pain terminated the bouts. The subject was quickly assisted to stance on the 
platform and five minutes of oscillation observations were made. Blood pressure 
and heart rate determinations were secured at 60 second intervals throughout 
the entire experimental period. The subject was blindfolded while seated to 
eliminate extraneous stimuli attendant upon operative procedures. 

Results and their inierpretaiion. The experimental data include 34 sets 
of 25 serial, center of graidty oscillation observations, 34 footpiints, pulse rate 
and blood pressure deteiminations, and tremor kymograms. 

Effects of staUc effort. Pulse rate and blood pressure observations served as 
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indices of the relative severity of the physiologic effect produced by static effort. 
The lowest resting level for pulse was 58 beats per minute, and the highest value 
during static effort was 120. The pulse rates increased from 12 to 56 beats per 
minute. An increase of 26 beats is reported to indicate moderate work, 33.5 
beats hard work, and 54 beats exhaustive work (35). On the basis of this cri- 
terion the static effort may be classified from moderate to exhausth^e, depending 
upon the reaction of the individual subject. The systolic blood pressure in- 
creased from 26 to 70 mm. Hg with static effort, and the highest reading obtained 
was 170 mm. Hg. These, findings compare favorably with those of other in- 
vestigators (12, 19). 

The static effort was hard and difficult to maintain. The thigh muscles soon 
ached, frequently cramped, and the pain became severe with repeated bouts. 
The subjects averaged three bouts of effort. Relief from pain was instantaneous 
with relaxation. Paresthesia of the feet was subjecti^^ely reported. Perspiration 
often appeared on a.xillae, forehead, abdomen, and palms of the hands in spite 
of the two fans emploj'’ed. The subject sometimes manifested irritabilit 5 L 
Sighing and Cheyne-Stokes respiration were observed in some subjects. Fascic- 
ulating tremor of the quadriceps femoris was coincident with the static effort, 
increasing in amplitude with each bout, often appearing in related muscle groups 
and in other musculature. These findings agree with the report Avhich also 
points out that fatigue of static effort was definitely associated with pain and 
muscle tremor, and that the recruitment of other sets of muscles was gradually 
included until the total musculature of the body seemed to be involved (19). 

After the static effort every subject was able to tolerate five minutes of stand- 
ing. One subject was markedly unstable almost to the point of falling, then 
suddenly steadied and maintained a stance resembling bipedal reflex rigidity 
(figs. 1 and 2). Since this subject habitually swayed considerabljq the sup- 
pression of oscillation was a pronounced phenomenon. 

The locations of the center of graAuty oscillations during standing before 
and after static effort were calculated from the kymograms and plotted on the 
corresponding footprint records. 

In the majority of individuals the mean location of the center of gravity 
oscillations in natural standing is normally eccentric back and to the left of the 
geometric center of the total base of support (36, 37). The eccentricity is a 
compensatory phenomenon which counterbalances the forwardly imbalanced 
and asymmetric weight distribution of the body (38). All of the subjects of 
this study were normallj'’ eccentric in the backward direction, with 67 per cent 
to the left of the geometric center and 33 per cent to thevright. After static 
effort the usual mean location of the balance oscillations was consistently dis- 
rupted, the amount and direction being variable (table 3). It is known that 
stance oscillation patterns are highly individual and repeatable (39, fig. 2). 
Since this is true, and recognizing the individual variance in direction of weight 
displacement which occurred following static effort fatigue, the mass handling 
of these data could mask pertinent information concerning the pliA'^siologic reaction 
to equilibratory stress. 
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Analysis of the data. Since the successive determinations of the loci of a 
particular subject’s center of gravity projection during pre- or post-static effort 
periods are serially correlated, these data cannot be analysed validly by cus- 
tomary statistical procedure, -which assume independence of the successive 
determinations of the values of the parameters under investigation (40). The 
oscillations of the center of gravity baffle quantification due to the harmonic 
motion involved. These factors preclude the statistical analysis of the data 



Fig. 1. Kymograms of synchronous bi-plane center of gravity oscillations during five 
minutes of natural standing before and after static effort. 

Upper: anteroposterior; lower: lateral; 

However, the bi-plane center of gravity oscillation kymograms provided the 
data for plotting the 25 serial observations on the corresponding footprint of 
each subject. The geometric center of the footprint then served as a benchmark 
for the orientation of the mean location of the oscillations. 

Every subject manifested a change in the mean location of the oscillations 
after static effort during one, or more, sets of observations. Changes in both 
antero-posterior and lateral planes were exhibited by 55.6 per cent of the sub- 
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jects, 33.3 per cent in the lateral plane alone, and 11.1 per cent in the antero- 
posterior plane only. The disruption in the lateral plane appears to occur more 
readily than in the antero-posterior. Since the usual stance eccentricitj’’ is 
due in part to asymmetric weight distribution this would be expected. The 
lateral displacement was emphasized by one susceptible individual, affected 
only in this plane, who manifested the most marked imbalance of any subject, 
maintaining equilibrium with great difficulty immediate^ after static effort, 
as illustrated in figures 1 and 2. The evidence indicates that the mechanism 



Fig. 2. Reproduction of footprints with projected center of gravit}”^ locations. 

Upper hjt and right: before and after static effort center of gravity locations unng ve 

minutes of natural standing. - . • - n • fi 

Lower left and right: the mean location of center of gravity oscillations anng ^ ve 
minutes of natural standing before and after static effort projected onto the 
Left: two sets of observations on MS. Right: four sets of observations on Ei 
Grossed circle: geometric center of the base of support. 

Open circle: upper footprints — instantaneous center of gravity' locations. 

lower footprints — ^mean of pre-effort oscillations. 

Closed circle : upper footprints — mean of instantaneous locations. 

lower footprints — mean of post-effort oscillations. 


maintaining the usual compensatoiy eccentricity of stance is altered bj" fatigue 
of static effort. Two subjects were only slightly affected in one, or more, sets 
of observations. This maj'^ be accounted for by a high degree of phj'-siologic 
efficienc 3 ’^ in reaction to fatigue stress, by the effort being too eas}^ for the subject, 
by individual differences in the ability to endure sensations of stress and in the 
willingness to push oneself beyond the threshold of discomfort. 

In the static effort involving the antigravity musculature, as in continuous 
standing, there is probably an excessive generation of motor and sensory nerve 
impulses. The static contraction not only results from repetitious motor stim- 
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Illation, but also gives rise to sensoiy stimuli which produce the sensation of 
discomfort, these sensory stimuli elicit reflex stimulation of antigravity muscula- 
ture and recruit contraction in other muscles (12, 19). Additional sensory 

TABLE 3 


The average deviation of the center of gravity from the geometric center of the 
footprint expressed in per cent of one-half the diameter in each plane 


ANTEROPOSTERIOR DEVIATION 

LATERAL DEVIATION 

Subject 

Pte-. 

Post. 

Dif. 

A-P 

Pre-. 

Post. 

Dif. 

R-n 


per cent 

per cent 

i per cent 



per cent 

per cent 

per cent 


EB 

-3.85 

+0.46 

4.31 

t 

-6.79 

-6.65 ! 

1 

0.14 . 


MB 

-4.67 

-6.76 

2.09 

1 

i 

-2.02 

-3.35 

1.33 

<r-^ 

RMC 

-26.17 

-29.27 

3.00 

1 

i 

-S.94 

i 

-13.96 

5.02 


PAH 

-25.80 

-16.77 


t 

I 

-0.37 i 

-0.31 

0.06 

— >• 


-23.90 

-23.95 


i 

-2.74 

+3.84 

6.58 


PVK 

-19.23 

-16.48 

2.75 

1 


I 

-2.32 ' 

-1.96 

0.36 


i 

-16.07 

-9.29 

6.78 

1 


+3.27 

+3.33 

0.06 


1 

-14.03 

-17.59 

3.56 

J 


-0.59 

+0.19 

0.40 



-7.19 

-23.29 


J 

' 

-0.18 

-1.62 

1.44 


EML 

-2.73 

+9.09 

11.82 


• 

-2.91 

-2.12 




-f3.97 

+9.00 


' 


-4.70 

-0.94 


-> 


-3.62 

+1.64 ! 

5.26 

' 

‘‘ ! 

-7.07 

-0.55 




+1.61 

+5.11 





-4.22 



LML 

-6.47 

-18.75 

! 

12.28 

i 

-2.21 

+6.32 

8.53 

1 

i 

HMS 

-10.63 

-18.29 

7.66 

i i 

-2.28 

-5.41 

3.13 

1 

MS 

-15.12 

-10.63 

1 

4.49 

T 

+3.11 

-4.61 

7.72 



-24.35 

-5.82 

18.53 

t 


-10.77 

7.71 



+ : in front, or to the right, of the geometric center 
~ •• back, or to the left, of the geometric center 
25 observations in each plane pre- and post-static effort 
Average difference ; Anterior 7.15 
Posterior 6.39 
Right 2.98 
Left 4.39 

Post-effort shift : Anterior-right 8 experiments 
Anterior-left 2 
Posterior-right 3 
Posterior-left 4 

stimuli are then produced which contribute to the sensation of discomfort which 
vary from mild uncomfortableness to severe pain. Since relief from the 
pain of static effort is instantaneous with relaxation, this would suggest either 
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a circulatory or a nervous component, or a combination of both, with an excessive 
generation of sensory stimuli as the dominating factor. 

Paradoxically, both extremely relaxed stance, and certain rigid postures, 
create no sensations of fatigue. Relaxed comfortable standing is reported to 
be nearty indefatigable, being accompanied by only slight sensations of discom- 
fort (11). Decerebrate animals can maintain rigid postures for long periods 
of time without apparent fatigue, and catatonic patients can hold imnatural 
static positions for longer duration than normal individuals can tolerate without 
fatigue (12). The lack of apparent fatigue may be accounted for in the decere- 
brate animal if sensorj’- stimuli are unable to bombard higher nerve centers 
which register pain sensations, and in the catatonic patient b}’’ the inability to 
experience normal sensations of pain, or fatigue. It is possible, therefore, that 
the apparent indefatigability of rigid posture ma}’^ be due to lack of perception 
of the excessive generation of scnsoiy stimuli, and that the economy of muscular 
contraction during exceedinglj'’ relaxed comfortable standing may not produce 
excessive volleys of sensoiy stimuli which reach consciousness as sensations of 
fatigue. 

Stance fatigue: a release 'phenomenon. The disad\’^antages of standing were 
recognized b 3 ’’ Holland who is quoted bj-^ Runting (41) as pointing out that 
“standing combined all the fatigue of walking with the stagnation^ of rest”. 
Due to the effects of gravity a greater amount of blood descends into the lower 
extremities of the body in standing, than in sitting; because of this,' the upper 
circulatory half is deprived of a not inconsiderable quantity of blood, of which 
the suppty to the brain is first to be diminished (42). It is common Icnowledge 
that functioning parts of the bodj’- are more vascularized during activity than 
at rest. The sustained muscular contraction of static effort probablj’' increases 
the vascularization to the muscles involved. The circulating volume of other 
parts is thus decreased. With the subsequent assumption of the erect posture, 
gravity causes a further increase in the blood volume of the lower extremities, 
resulting in a greater depletion of circulation through the head. The brain 
is particularty sensitive to oxj^gen lack. It is probable that the decreased suppty 
of blood to the brain becomes noticeable as a slowly increasing aggravation 
and disturbance of the innervation and association processes decurrent in the 
brain (2). The motor impulses can no longer be sent out to working muscu- 
lature in the same precise and finety graduated manner. The antigravity, and 
other, muscles become more innervated than is necessary for the effort, and the 
stance oscillations become altered. Every muscular effort presupposes an 
established innervation and control function of the brain, therefore, it is quite 
possible to trace the earty onset of fatigue at Avork AA’hile standing to cerebral 
hj^poxia CA’oked through starrding (2). 

Presupposing that when the narrow tolerance to oxygen depletion is reached 
in higher brain centers goA’eraing equilibrium, the inhibitory control over lower, , 
le.ss vulnerable, mechanisms is lifted, and an induced state similar to decere- 
brate rigidity, or bipedal reflex standing, is thus initiated. In the transition 
stage the fluctuations of neural control maj' produce in, stability of equilibrium 

2 Italics by author. 
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which may, or may not, eventually resolve into variable degrees of temporarj'' 
rigidity of stance. When this occurs, the stance oscillation pattern changes. 
The evidence presented in this study indicates that some dominant change in the 
equilibratorj^ mechanism markedly disrupts from its usual position the mean 
location of the center of gravity oscillations during natural standing when fa- 
tigued. Perhaps the normal compensatory eccentricity of weight is affected, 
or lost, through lessened higher control superimposed upon more primitive 
stance mechanisms during the process of evolution, and older patterns of equilib- 
rium tend to reappear. It is knowm that disease releases equilibratory mecha- 
nisms from higher neural control, therefore it seems reasonable to assume that 
stance fatigue due to subacute cerebral hypoxia might affect vulnerable higher 
equilibratory mechanisms and induce a similar release phenomenon. 

Stance fatigue: an excessive accumnlation of sensory stimuli. Grow (43) be- 
lieves that “fatigue is due to an excessive generation of nerve impulses and 
originates in the nervous tissues of the body”. That “it is the act of generating, 
of creating, of producing the nerve impulse that is exhausting — and not the 
muscular exertion that causes fatigue”. The hypothesis is therefore suggested: 
that protracted standing evokes an excessive generation of nerve impulses which 
cumulates in the sensation of stance fatigue. This is initiated through repeti- 
tious stimulation of antigravity musculature and through subacute cerebral 
hypoxia which lifts higher neural inhibitorj’’ control over lower equilibratory 
mechanisms, thus releasing excessive stimuli to antigravity muscles. The tonic 
antigravity musculature, in turn, gives rise to volleys of sensorj' stimuli which 
produce sensations of discomfort, and which find neural expression in efferent 
stimulation to other musculature, with subsequent contraction and sensory 
reaction. Thus an additive sensory resultant is created which impinges on 
consciousness as the fatigue of standing. 

SUMMARY AND CONCLUSIONS 

The purpose of this study was to investigate the fatigue of standing bj’- de- 
veloping a method for fatiguing the lower extremities and b 3 '^ demonstrating any 
fatigue effect upon physiologic mechanisms regulating the height of the center of 
gravity and the mean location and magnitude of the balance oscillations during 
natural standing. 

Fatigue was produced by continued standing and also b}'- static effort. The 
effort consisted of full extension of the lower extremities while supporting a 4.5 
kilogram sandbag during three or more five-minute periods with one minute of 
rest intervening. 

Seventeen determinations of the effects of continued standing upon the height 
of the center of gravity were made on 12 young women, and 21 observations 
of the effects of static effort upon the height of the center of gravity were made 
on 17 young women. 

The effects of static effort upon the mean location and magnitude of the center 
of gravity oscillations during natural standing were observed on 9 young women, 
yielding 1620 single center of weight determinations. 

The following conclusions have been reached: 
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1. The height of the center of gravity of the body is lowered by continued 
standing, and by static effort involving the lower extremities. 

2. The usual mean location of the balance oscillations of the center of gravity 
of the body during natural standing is displaced by the fatigue of static effort 
performed by the lower extremities. 

3. The fatigue of static effort produces an increase in the magnitude of balance 
oscillations, a decrease in magnitude, or a combination of both, 

4. The lowering of the center of weight and the marked change in the magni- 
tude and mean location of balance oscillations suggests a weight redistribution 
of circulatory origin. 

5. Subacute cerebral hj^poxia may release lower equilibratoiy mechanisms 
from higher inhibitorj'' control, thus producing hj'-pertonia of antigra\dty muscula- 
ture. 

6. It is suggested that the redistribution of fluid weight, the protracted genera- 
tion of motor stimuli producing atonicity of antigravity and other musculature, 
and the excessive volleys of sensor}’’ stimuli thus elicited, probably create an 
additive resultant expressed as the fatigue of standing. 
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Decreases in limb or organ volume have frequently been interpreted as in- 
dicative of increased arterial tone or decreased blood flow. The possibility 
of the changes in volume of an extremity being due to reactions on the venous 
side of the vascular bed has been indicated in studies where the necessarj’- cor- 
relations between volume and flow could be made (1,2). A similar examination 
of these relations iu anj’’ skin region may be effected by photoelectric plethysmo- 
graphy (3). The necessarj'’ data are available in the photoelectric pleth 3 "smo- 
gram since the simultaneous changes in blood content and blood flow can be 
estimated through the calibration of the photoelectric plethysmogram as de- 
scribed below. 

This paper describes, first, the application of the photoelectric plethysmo- 
graph to the estimation of changes in blood content and of the level of the blood 
flow in the skin, second, the correlations between flow and volume changes; 
third, the use of these correlations in estimating the directional changes in 
arterial and venous tone, fourth, the estimation of the blood depot in the minute 
vessels of the skin. 

Methods. 1. Changes in the blood content of the skin were estimated with 
the photoelectric plethysmograph bj’' calibrating the photoelectric pleth 3 ’'smo- 
gram in terms of the “filter unit” and then estimating the volume equivalent of 
the latter. 

a. Calibration of the photoelectric plethysmogram- in terms of the “fdfer 2 mit’\ 
Pi’evious descriptions of the technique of photoelectric pleth 3 ’’smography (3, 4, 
5) have referred to a method of calibrating the pleth 3 ’'sraogram in terms of an 
arbitrar 3 ' but reproducible unit called the “filter unit” (fig. 5, reference 4). 
This is simpl 3 ’’ the deflection in the photoelectric record produced b 3 '^ insertion 
of a clear glass plate (the filter) in the path of the light returning to the photo- 
tube. We ma 5 ’' then express the deflections in the photoelectric record due to 
changes in blood content in tenns of “filter units” by using the equation 


( 1 ) 


AVr = 


AYi 

Pi 


where F ,• is the deflection in the photoelectric record due to the insertion of the 
filter; A Vi is the deflection due to a change in blood content (increase or de- 

' Preliminary report: Federation Proceedings 6: 45, 1946. 

= Aided by a grant from the American Medical Association. 

’ Now at the University of Kansas, Lawrence, Kansas. 
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crease); and A Ff is A Vi expressed in filter units. Obviously, this procedure 
is applicable to the measurement of either the amplitude of the volume pulse or 
other changes in the blood content of the skin. Our problem, then, in quanti- 
tating the photoelectric plethysmogram, is to determine the volume equivalent 
of the “filter unit”. 

b. T)ie eslimalion of the volume equivalent of the “filter unit” . Comparisons of 
mechanical and photoelectric plethysmograms which were recorded simultane- 
ously from the same finger show qualitative parallelism in the two records. 
By appropriate adjustments in recording sensitivity, one may superimpose one 
record upon the other. This fact suggests that the mechanical plethysmogram 
may be employed for the calibration of the volume changes as inscribed by the 
photoelectric plethysmograph. Difficulties arise, however, for the reason that 
the mechanical plethysmogram also includes changes in volume wliich may 
involve the larger vessels of the finger; similar effects are absent from the photo- 
electric plethysmogram since it reflects only those changes in volume which are 
occurring in the minute vessels of the skin. 

The fact that the volume changes in the photoelectrically recorded pletlij-smo- 
gram of the finger pad are relatively smaller than those in the mechanically 
recorded plethysmogram of the finger is readily demonstrated by calculating the 
ratio of the reduction in volume to the decrease in blood flow during a reflex 
vasoconstriction. Since the amplitude of the volume pulse varies directly with 
the blood flow (5), it is convenient for the purpose of calculating the value of 
this ratio in both plethysmograms to substitute the amplitude of the volume 
pulse for blood flow. Further, although the two plethysmograms are expressed 
in different units (the photoelectric in terms of “filter units” and the mechanical 
in terms of volume), it is stiU permissible to compare the values of the ratios 
from the two records since the “filter unit” may be defined in terms of its volume 
equivalent. The ratio of change in volume to change in flow is about twice as 
large for the mechanical plethj’-smogram Avhen this is recorded from the terminal 
phalanx of the finger as for the photoelectric pleth 5 '-smogram recorded from the 
skin of the finger pad. Inclusion of still larger vessels bj’- recording the mechani- 
cal plethysmogram from the entire finger further increases the difference between 
the two ratios. 

The error introduced into the comparison of the photoelectric and mechanical 
plethysmograms in the manner indicated above would be eliminated' in a com- 
parison of the cutaneous volume pulses as recorded by the two methods, since 
the volume pulses are exhibited only on the arterial side of the circulation under 
normal conditions. The volume pulses of the terminal phalanx were recorded 
by enclosing it in a light metal capsule (a heavy automobile grease was used to 
effect a seal) and by using air transmission to an optical recorder. Tests of the 
frequency of response of the system indicated that it was adequate for the 
purpose of calibration. Both the volume and the surface area of the phalanx 
within the capsule were carefully measured, the former by the displacement 
method, the latter by taping and then measuring the area of the tape. The 
simultaneous photoelectric values of the mean phalanx .skin pulses -ivere esti- 
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mated from the photoelectric records according to the procedure which is de- 
scribed in equations 2 and 3 and table 5 of reference 5. The equivalence of 
the mechanical and photoelectric values is expressed in the equation 

(2) V.P. = lU • PpH 

where V.P. is the amplitude of the mechanical^ recorded phalanx volume pulse 
in ec./cm.- sldn; P ph is the photoelectricallj' estimated amplitude of the phalanx 
volume pulse expressed in “filter units” (see equation 3 of reference 5 for the 
method of calculating Pph)\ and Jv* is the volume equivalent of the “filter unit” 
in ec./cm-. The determination of the value of K„ provides a method for apptying 
a calibration scale to the photoelectric plethysmograms recorded from various 
skin regions. Table 1 summarizes such a determination of lU on 4 subjects. 
The average value of 7v*, thus determined, is 0.00026 ec./cm,- skin/filter unit. 

• 

TABLE 1 


The volume equivalent of the “filter unit" 


SUBJECT 

V. P. 

VOLUME PULSE OF 
TERMINAL PHALANX 

j 

V. P. 

PpR 

cc./an.Vfilter unit 

NUMBER OF 
OBSERVATIONS 


cc./cm.^ skin 

“filter units’’ 



La 

0.000135 

0.51 

0.000264 

6 

Mi 

0.000243 

0.9S 

0.000249 

4 

Ki 

O.OOOISO 

0.68 

0.000265 

10 


0.000500 

1.98 

0.000252 

6 

T.J. 

0.000175 

0.67 

0.000261 

1 15 

Average 

0.000260 



* TpB — average phalanx pulse as estimated photo-electrically (see equation 2, reference 
5). 

Subjects are the same as in table 5, reference 5. 


The calibration of the photoelectric plethj'^smograph in terms of changes in 
blood content is then obtained from the relation 

(3) AF = 0.00026 ^^Vp 

where AF is the change in blood content of the skin (cc./cm.- of skin) and AF^- 
is the deflection (expressed in “filter units”) in the photoelectric record due to 
the change in the blood content of the skin. This relation applies to either an 
increase or a decrease in blood content of the skin. 

One cannot be certain of the absolute accurac}’’ of this experimental^ deter- 
mined value of /vr since exact equivalence of the volume pulse of the phalanx and 
the photoelectrically estimated skin pulse of the phalanx ma}’' be affected b}' the 
inclusion of the pulse of the digital arteiy in the mechanical plethysmogi'am. 
This error cannot be large, however, for the following reasons: first, the per cent 
change in the volume pulse of the phalanx during vasomotor refie.xes is approxi- 
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mately tlie samG as that in. the photoelectrically recorded .skin pulse, second, 
the digital artery does not participate in these reflexes (6) ; it cannot then con- 
tribute significantly to the phalanx pulse. 

The choice made in this paper of expressing the changes in blood content of the 
skin in terms of surface area is guided by several considerations. It is most 
convenient to express the cutaneous blood flows in terms of surface area and it is 
also necessary to do so in regions other than the digits since only in the latter 
may one estimate skin volume. The quantitative study of the relations between 
blood flow and blood content (see below) necessitates similar units in measure- 
ment. The actual volume of skin which is to be utilized in the ratio of vascular 
volume to skin volume is indetermmate. The surface area is readily measured. 

2. The blood flow in any skin region may be estimated from the equation 

(4) Flow/minute = K/ • P ph 

where 

PpH is the amplitude of the photoelectrically recorded cutaneous volume 
pulse expressed in “filter units”; 

Kf is the flow equivalent of the “filter unit”. 

Previously published data (5) established the value of Kf as 0.10 cc./cm.-/min. 
/filter unit — on the finger pad. Application of this value to other skin areas 
yields reasonable data for the blood flows in these ?ireas (7). 

The relation of changes in blood content of the skin to variations in blood flow in the 
skin. Table 2 presents a series of simultaneous measurements on the same 
subject of changes in blood flow and in blood content of the finger pad. The 
constrictions in this series of observations and also in those referred to below 
were either “spontaneous” or those elicited by suitable stimuli (startle, pain, 
deep breath, etc); the dilatations were recoveries from previous constrictions. 
The durations of these changes varied from ten seconds to ten minutes. It is 
obvious that the blood content of the finger pad varies in the same direction as 
the changes in blood flow and that the relation between volume and flow is an 
approximately linear one. Some scatter in the values of the ratios occurs on 
successive vasomotor changes in the same individual as well as in averages from 
various individuals. 

In a series of 48 obser\'^ations on 7 subjects, the mean value of the ratio of 
volume change to flow change was 0.012; averages in these 7 subjects were 
distributed between 0.0102 and 0.0164. This means that a change in the rate 
of blood flow of 0.10 cc./cm.Vniin. in the finger pad Avill result in a corresponding 
change in the blood content of the pad approximatelj’^ equal to 0.0012 cc./cm.- of 
skin. This statement holds for either dilatation or constriction. The rela- 
tively minor deviations from the mean value of this ratio are related to such 
variables as the time required for a new volume equilibrium to be established 
following a change in flow and individual differences in the capacity of the 
vascular bed in the pad. 

The relative constancy of the numerical value of the ratio of change in volume 
to change in flow in the finger pad maj^ be employed to examine the possibility 
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of changes in venous tone occurring in the vascular reactions under observation. 
Thus, the relative constancj’' of the ratio in the vasomotor responses in the finger 
pad to such stimuli as noises, “psychic” stimuli, deep breaths, etc., suggests 
that in these instances changes m venous tone either do not accompany those 
on the arterial side or are approximately proportional to the changes in flow 
(they would then be masked by the latter). Large deviations, however, in the 
value of the ratio from the mean would imply the occurrence either of large 
or of disproportionate changes in venous tone. 

Such effects may obtain during cutaneous vascular reactions to changes. in 
temperature. They are readity illustrated by recording from the finger pad 
during the application of cold to the finger: The decrease in blood content of 
the pad skin during the initial constriction may be two to three times as great 
as that which would be expected to accompany the decrease in flow if the de- 

TABLE 2 


Relation of changes in blood content to changes in blood flow in the skin of the flnger pad 


CONTROL FLOW 

CHANGE IN FLOW 

CHANGE IN VOLtlME 

DtTRATION 

CHANCE ni VOITTME 

CHANCE IN 7L0W 

cc.lcm'lmin. 

cc./cmfi/min. 

cc./cm.- 

seconds 


0.07S 

+0.156 

+0.00229 

70 

0.0140 

0.105 

+0.131 

+0.00209 

40 

0.0158 

0.079 

+0.138 

+0.00190 

22 

0.0137 

0.217 

-0.159 

-0.00280 

23 

0.0143 

0.050 

+0.118 

+0.00170 

12 

0.0144 

0.052 

+0.168 

+0.00277 

72 

0.0165 

0.222 

-0.179 

-0.00200 

240 

0.0112 

0.071 

+0.104 1 

+0.00243 

87 

0.0234 

0.374 

-0.335 

-0.00630 

10 

0.0188 

0.356 

-0.106 

-0.00231 

40 

0.0218 

0.160 

0.159 

0.00266 

averages 

0.0164 


— : decrease + ; increase. 


crease in volume were in the same ratio to the decrease in flow as that which 
obtains during a vasoconstriction when the finger temperature is normal. This 
deviation from the predicted value of the ratio suggests that the decrease in 
volume resulting from arterial constriction and decreased inflow was reinforced 
b}’’ an unusually large increase in venous tone. This interpretation is in harmon}’' 
with other observations described below. 

The reactive dilatation which appears usually three to ten minutes after 
the application of cold is begun presents a liT'-peremia of the finger pad which 
is greater than can be accounted for bT"- arterial dilatation. This is obvious 
in a qualitative sense from the sudden reddening of the skin and the engorgement 
of the capillaries. The increase in blood content maj'’ be three or more times 
that predicted from the increase in blood flow, and the blood content of the pad 
may remain far above the control level for varj-ing periods of time, gradualh' 
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returning to the control level as the reaction to cold wears off. It is probable 
that the locus of this congestion is on the venous side, in the small veins and 
subpapillary plexus. Dilatation of these vessels by cold, plus their engorgement 
b}'’ the opening of arterio-venous anastomoses, would contribute to the develop- 
ment of this congestion wliich seems to be a readily reversible phenomenon if 
the chilling has not been too prolonged. 

Mffien we turn to skin regions other than the hands and feet and attempt to 
apply the procedure utilized above, we encounter certain complications. First, 
the low level of the resting blood flow in the skin of the trunk, arms and legs 
(7) makes verj'^ difficult the reliable demonstration of vasomotor reflexes acting 
on the arterial side of the circulation in these regions, particularly when the 
magnitude of the change in flow is only a small fraction of a flow already small 
(table 3). Tliis difficulty does not hold for the relatively large changes in the 

TABLE 3 


Relation of changes in blood content to changes in blood flow in the skin of the forearm 


CONTROL FLOW 

CHANGE IN FLOW 

CHANGE m VOLUME 

CHANGE IN VOLUME 

CHANGE IN FLOW 

cc./cm.^/min. 

cc./cm.*/inin. 

cc./cm." 


0.023 


0.00049 


0.022 


0.00054 


0.015 


0.00033 

0.165 

0.014 


0.00034 

0.049 

0.025 

0.0073 

0.00054 


0.016 

0.005 

0.00035 


0.021 

0.003 

0.00106 


0.021 

0.0035 

0.00123 

0.350 

Averages. . 0.019 

0.0056 

0.00061 

0.156 


All changes were decreases. 


blood content of the skin (table 3). Second, the usual vasomotor discharges 
to the hands and feet affect neither the blood flow (8) nor the blood content 
(9) of the skin of the face and forehead. Third, our unpublished observations 
indicate that only a small fraction of the vasomotor discharges to the hand 
measurably affect either the blood flow or the blood content of forearm skin. 

Table 3 illustrates the effects on forearm skin of vasomotor reflexes which 
acted here. These reflexes were elicited by psychic stimuli, application of 
cold to other regions of the body, etc. On comparing these reactions in the 
forearm skin with those in the finger pad, one notes that the change in blood 
flow in the latter is about eight times as great as the control level of flow in the 
forearm skin; the changes in the pad are correspondingly more striking. The 
relative change in flow (comparing constrictions only) was about twice as great 
in the pad as in the forearm (seventy per cent reduction in flow in the pad, thirty 
per cent in the forearm). Although this comparison is not based on records 
taken simultaneously from the finger pad and the forearm skin, the implications 
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are clear: vasomotor reflexes to the arteries of the forearm skin not only occur 
less frequently but also they are relativelj’" less effective on flow when they do 
occur than those acting on the finger pad. 

The changes in the blood content of the forearm skin due to vasomotor reflexes 
contrast sharply with the changes in flow; the ratio of the change in blood content 
to the change in blood flow is about thirteen times as great as that in the finger 
pad. Simultaneous variations in hand flow are not responsible for these changes 
in the blood content of the forearm skin since blocking the hand flow by an arm- 
cuff at the wrist does not eliminate this difference. It seems reasonable, there- 
fore, to attribute these changes in blood content to changes in the tone of the 
small veins and venules of the skin. 

TABLE 4 


Effects of cold, air on flow-volume relations in forearm skin 


CONTROL FLOW 

CHANGE IN FLOW 

CHANGE IN VOLUME 

CHANCE IN VOLUME 

CHANGE IN FLOW 

CHANCE IN 
TEMPERATURE 

DURATION 

cc./cm.^/min. 

cc./cm.'lmin. 

cc.fcm.^ 


°c. 

seconds 

0.017 

0.010 

0.0050 

0.50 

33 to 2 

300 

0.023 

0.001 

0.0009 

0.90 

31.5 to 8 

40 

0.022 

0.008 

0.0013 

0.16 

30 to 4 

60 

O.OIS 

0.009 

0.0016 

0.18 

33.4 to 12 

90 

0.027 

0.012 

0.0024 

0.20 

33 to 11 

315 

0.016 

0.001 

0.0016 

0.40 

34.5 to 15 

120 

0.030 

0.006 

0.0016 

0.27 



0.016 

0.001? 

0.0017 

? 

33 to 15 

55 

0.021 

'0.006 , 

0.0020 

0.34 

averages 


All changes were decreases. 


This interpretation is reinforced by the results of an e.xperiment in which a 
blast of cold air was directed against the forearm skin in the %’icinity of applica- 
tion of the plethysmograph (table 4). The average change in blood content 
of the forearm skin was three times as great as that occurring during vasomotor 
reflexes (table 3), although the reduction in blood flow was approximately the 
same. Again, blocking of blood flow in the hand by an arm-cuff at the wrist 
did not affect this response to cold. It is also interesting to note that the venous 
constriction in forearm skin elicited by cold resulted in changes in blood content 
of the skin as great as those occurring in the finger pad during vasomotor re- 
flexes although the change in flow in the forearm skin was only four per cent 
of the change occurring in the finger pad during vasomotor reflexes. 

A similar study was made of the effects of blasts of cold air on the flow- volume 
relations in the skin of the forehead (table 5). The reduction in blood content 
was about the same as that in forearm skin but the reduction in blood flow was 
four times as great. Still, the average value of the ratio of change in blood con- 
tent to change in flow is greatly in excess of that which would have been expected 
if the flow-volume relation in the forehead were the same as in the finger pad. 
(The absence of arterial vasoconstrictor reflexes in the skin of the forehead 
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does not allow one to test this point.) The appUcation of the cold to the forehead 
ehcited a sharp vasoconstrictor reflex in the finger but only a slowly developing 
decrease in flow and blood content in the forehead which roughly paralleled the 
fall in skin temperature. We interpret this to mean that both the arterial and 
venous constrictions in the forehead skin were due to the direct effect of the 
cold on these vessels. 

Discussion. The experimental data reported in this paper have implications 
which are significant for three important relations: 

1. The relation of change in blood content to change in blood flow as a measure 
of active venous participation in cutaneous vascular reactions. WTien this relation 
does not remain relatively constant but shows large variations in its numerical 
value (this varies in the forearm over a range where the maximum value is ten 
times as great as the minimum — table 3) or where the numerical value of the 

TABLE 5 


Effects of cold air on flow-volume relations in forehead skin 


CONTROL now 

CHANGE dJ now 

CHANGE IN VOLUME 

i 

CHANGE IN VOLUMI 

CHANCE IN 
TEUrERATUSE 

DURATION 

1 CHANGE IN FLOW 

cc./cm.'^/min. 

cc./cm.'^/min. 

cc./cm.^ 


°c. 

seconds 

0.050 

0.012 

0.00095 

0.079 

31.2 to 12.4 

30 

0.017 

0.017 

0.00312 

0.184 

34 to 0 

330 

0.056 

0.022 

0.00214 


35.5 to 6.7 


0.058 


0.00216 


34.8 to 18.5 


0.118 


0.00217 




0.135 


0.00330 

■Hi 



0.077 

0.027 

0.00230 

0.148 

averages 


All changes were decreases. 


relation is excessively large (compare the finger pad — table 2 — and the forearm — 
table 3) , one may infer that changes in venous tone are occurring. This does not 
imply the converse, the absence of changes in venous tone, when the numerical 
value of the above relation remains relatively constant (as in the finger pad — 
table 2) and at the level which is characteristic of the finger pad. The evidence 
is then simply indecisive. This interpretation is in agreement with other ple- 
thysmographic evidence (1) (2). 

It is of interest to compare the photoelectric estimations of changes in the 
blood content of forearm sldn (table 3) with those which may be calculated 
from plethysmographic data (1). The latter indicated a change in forearm 
volume in the range, 0.3— 7.3 cc. /liter of forearm, in response to such stimuli 
as pinching and mental arithmetic. Assuming that these changes occurred 
only in the cutaneous vessels and re-calculating the changes in volume in terms 
of the surface area of the skin, the values become 0.00054-0.0142 cc./cm= skin. 
(The calculations assume that 13.5 per cent of the forearm volume is skin (1) 
and that each cubic centimeter of skin has an area of about 3.9 cm-/(10).) 
The changes in blood content of forearm skin reported in tables 3 and 4 are con- 
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siderabty less than those calculated from mechanical plethysmograms of the 
forearm. AVe are inclined to the opinion that the discrepancj'- in the two groups 
of data arises out of the inclusion of main vessels, particularlj’- the venous drain- 
age, in the forearm plethysmogram and also from the assumption that the changes 
in the latter are to be referred wholly to the skin. 

2. The estimation of the quantity of blood in the minute vessels of the skin. One 
may attempt to approximate the magnitude of the vascular bed in the skin from 
the following calculations: If we assume that the constriction in forearm skin 
to cold is ver}”^ nearl3'- maximal and that the residual blood content of the skin 
is onlj'^ a small fraction of the quantit}’^ which is normally present, the change in 
blood content of the skin in table 4 approximates the amount of blood which 
is present in the minute vessels of the sldn. This quantity is about 20 cc./M^ 
of skin. 

That this quantity is reasonabty correct may be argued from analog}’' with 
similar data on the intestinal loop (11). Schleier’s data (table 4 — ^reference 
11) gives a ratio of blood content of the minute vessels (small arteries with a 
radius of 0.25 mm. to small veins with a radius of 0.32 mm.) to blood flow of 
5.33 CC./70 cc./min. or 0.076. Similarty, in the forearm skin, this ratio has the 
numerical value of 0.095 (0.0020/0.021 — table 4). We do not know, of course, 
whether we have made strictly comparable calculations in the two series of 
data, but the analogj’- is striking. 

The implications in these calculations receive some additional support from 
estimates of the blood content of the venules which ma}’’ be made from the data 
of AA^etzel and Zotterman (12). The figures are: 2.5 cc./h'P of forearm skin and 
18.6 cc./M^ of cheek skin. Since the measurements from which these estimates 
are derived were made at room temperatures of 17-21 °C, it is probable that the 
venous vessels were considerably constricted during the obseiwations of AA^’etzel 
and Zotterman. Correction of these figures bj’’ the inclusion of larger vessels 
(following the analogy on the intestinal loop (11)) brings them into better agree- 
ment with the data in this paper but they are still considerably lower. 

It is to be emphasized that the figure for the blood content of the skin as 
calculated above applies onty to the minute vessels. Since thej’' would contain 
onlj’ 40 cc. of blood in an. individual with a surface area of 2M- (assuming an 
average skin flow of 220 cc./M- — (7)), thej’' cannot be considered as an important 
blood depot. This conclusion does not imply that the cun’ently taught concept 
of the skin as an important blood depot is in error but it does suggest that this 
function is served principall}'- b}’- the larger vessels. A similar conclusion is 
reached from the examination of Schleier’s data on the intestinal loop (11), and 
also from an exploration of the distribution of blood in the vascular system of the 
dog by the method of radioactive isotopes (13) which showed that about seven- 
teen per cent of the total blood is contained within the minute vessels. In 
skeletal muscle, these vessels hold about 0.02 cc./gram of tissue. (jNTo \’alues 
were given for skin but the statement was made that its blood content was very 
low.) Re-expression of the cutaneous Amlues given above yields a unit value 
of 0.008 cc./gram of skin. There can be little doubt therefore that the photo- 
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electric estimation of the blood content of the minute vessels of the skin is ap- 
proximately correct. 

3. The relation of skin color to shin blood flow. The relation of the sldn color 
to blood in the subpapillaiy plexus (12) and the data in this paper indicate that 
the quantity of blood in the skin and the changes in the blood content of the 
skin can be quite disproportionate to the level -of blood flow and to the changes 
in flow and are indeed a very unreliable guide to the latter. Several of our un- 
published experiences with the effects of hemorrhage on the skin circulation 
in man emphasize this point; during the so-called “reaction” which is exhibited 
by a small fraction of blood donors and which is characterized by a fall in blood 
pressure, peripheral dilatation and sjTnptoms of cerebral hypoxia, we have seen 
an increase in cutaneous blood flow and pallor develop simultaneously. The 
simultaneous pallor must then represent an increase in venous tone. Similar 
divergence of skin blood content from skin blood flow is illustrated in the en- 
gorgement of the skin without an increase in flow in some subjects to whom 
estrogen has been administered (13). 

SUMMARY 

1. The estimation of the blood content and the blood flow in the sldn by use 
of the photoelectric plethysmograph is described and analyzed. 

2. It is demonstrated that during spontaneous or induced constrictions in 
the finger pad, blood content and blood flow varv in the same direction and in 
an approximately linear fashion. Calculations show that a change in rate of 
flow of 0.10 cc./cm.-/min. is accompanied by a corresponding change in blood 
content of 0.0012 cc./cm.- of skin. Evidence is presented to demonstrate that 
the relative value of the ratio of volume change to flow change may be employed 
to study the possibility of changes in venous tone occurring during vascular 
reactions. That is, large deviations in the value of tliis ratio from the mean 
would imply large or disproportionate changes in tone of the small veins. 

3. Vasomotor reflexes in forearm sldn are relatively less effective on flow 
than those occurring in the finger pad. The ratio of change in blood content 
to change in blood flow is about thirteen times as great as in the finger pad. 
It is suggested that these changes in blood content are due to changes in tone 
of small veins and venules' in the skin. 

4. Studies on forehead skin show a ratio which is greatly in excess of that 
demonstrated in the finger pad. Absence of arterial vasoconstrictor reflexes 
in the forehead skin suggest that constrictions occurring in this region (as a 
result of exposure to low temperatures) are due to direct effects of the cold on 
the small arteries and veins (arterioles and venules). 

5. The estimation of the quantity of blood in the minute vessels of the skin 
is discussed. Calculations from data presented show that the total quantity 
of blood normally present in these vessels is relatively small. 

6. The unreliability of dependence upon the intensity of skin color as deter- 
mined by blood content of the subpapillarj'’ venous plexus in the estimation 
of the skin flow is discussed. 
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Decompression sickness, which is sometimes seen after rapid ascent from deep 
sea diving or after ascent from sea level to high altitudes, may become manifest 
in a variety of symptom complexes. Bends, the most common form of these 
disturbances, is characterized by pain referred to the bones, joints and muscles 
of the extremities. The pain may be mild and even disappear while the subject 
remains at reduced pressure. Frequently, however, the pain is progressive, 
leading in time to severe distress and eventuating in collapse. In these latter 
cases bends can become a serious hazard in flights at high altitudes. 

Disturbances wlrich are induced less frequently by reduced barometric pres- 
sure include rashes, chokes, headaches, vomiting, scotomata, and paresthesias 
and paralyses which may involve any portion of the body. Except for chokes, 
these are relative^ rare. The term, chokes, aptly describes the rapid develop- 
ment of inspiratory dyspnea, tachypnea, and a choking sensation wliich quickly 
leads to a subjective feeling of impending disaster. 

On recompression, the variegated symptoms of decompression sickness usually 
disappear quickly during or shortlj’' after recompression is accomplished. Mus- 
cle soreness and mild joint pain may remain as a residue from an experience of 
bends. Chokes is frequently followed by episodes of non-productive coughing 
which give way vdthin an hour to a severe generalized throbbing headache, and 
this may persist for many hours. Symptoms which indicate neurological in- 
volvements such as scotomata and paralj'-ses may sometimes be progi'essive, 
leading to a shock-like condition which has culminated in several instances in 
death. 

The ever-increasing air traffic at altitudes at wlrich decompression sickness 
may occur, and the possibility that these sjonptoms maj'- become much more 
common after the war, have indicated the need for further investigations into 
the nature of decompression sickness. An opportunity for such studies was 
utilized during routine training of Army Air Force aircrew members who, for 
purposes of selection and training, participated in simulated “flights” in the 
decompression chamber. 

About twenty per cent of these subjects experienced some form of decompres- 
sion sickness. Statistical analyses of the experiences of some altitude chambers 
wliich indicate the relationship of age, weight, height, time of day, and other 
factors hai^e already been published (1, 2, 3). Some cases of clinical interest 
have also been reported (4, 5, 6). 

In the present study it was felt that some insight into the mechanism of 

^ Captain, A.C., A.B.S., Aviation Physiologist -srith the Army Air Forces Altitude Train- 
ing Program. 
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decompression sickness naight be obtained by re-exposing personnel to a. second 
flight shortly after recoverj'- from decompression sickness. In tills way it was 
hoped that data might be obtained concerning the effect of several factors upon 
the likelihood of recurrence of decompression sickness on the second flight. 

Studies were conducted on fljung personnel and on some members of the 
regular Altitude Training Unit crew in the decompression chamber at Davis 
Monthan Field, Tucson, Arizona (altitude 2500 ft.) in May and June of 1943. 
The usual flight began with a trial ascent to 5000 feet and return to gi’ound lei el. 
The chamber then ascended at about 3000 feet per minute to 20,000 feet and all 
passengers were subjected to an anoxia test. Tliis test was perfoimed by dis- 
connecting each passenger from the oxygen suppl}^ for 5 to 10 minutes, so that 
each one might personally e.xperience mild anoxia. The chamber then ascended 
to 38,000 feet (155 mm. Hg) and remained at this altitude for periods up to two 
hours. Passengers reporting the development of bends or other sjTnptoms of 
decompression siclcness were, after variable periods of time, remoi'^ed from the 
chamber to the lock and returned to ground level barometiic pressure. After 
a rest period at ground level, some of these latter subjects were returned to the 
test altitude of 38,000 feet to determine whether symptoms of decompression 
sickness would quickly recur. 

Onlj'- those subjects who appeared to have recovered completely from the ef- 
fect of the first flight were reflighted. On the reflight the subjects remained at 
38,000 feet for five minutes. It was sometimes necessary because of the develop- 
ment of severe pain to lower the chamber before the fi^'e minute period had 
elapsed. 

During each flight, records were made of the rate of ascent, time at altitude 
before onset of sjTnptoms, and the altitude at which pain disappeared during 
descent. Tivie of onset of bends is the period spent at 38,000 feet befoi’e the 
subject first noted the pain. Duration of the pain was taken as the time from 
the onset of the condition until the chamber began the descent from 38,000 
feet. Usuall}’- the pain lasted foi' a short Avhile longer until the chamber I'eached 
30 to 20 thousand feet. In a like manner, rest period was calculated as the 
time ijei’iod beginning with the moment the chamber left 38,000 feet on the 
descent, until the subject was returned to 38,000 feet. 

The term, recurrence, is used to indicate that the pain reappeared in the same 
anatomical site which had been involved on the original flight in the first five 
minutes at 38,000 feet on the reflight. Time of recurrence is given as the time 
of appearance of symptoms on the reflight. 

Results. One hundred and fifty-three subjects who had experienced one 
or more .s3Tnptoms of decompression sickness on the regular training flight 
participated in a second flight witMn 30 hours. Of these, 149 had bends on the 
fir.st flight, 17 had chokes, 2 had rashes, 4 had visual disturbances, 2 reported 
headaches, 3 had profuse .sweating, 3 had faintness, and 2 had nausea. Anab'ses 
of these s3mptoms with reference to the several variables mentioned are given 
below. 

I. Effect of the duration of the rest period. Bends recurred in an anatomical 
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site involved in the first flight in 63 of 149 subjects taking the reflight. Study 
of the data indicated that the duration of the rest period was the most signifi- 
cant factor in the probability of recurrence on the reflight (table 1). Thus all 
five cases vdth rest periods up to 20 minutes (time for descent and immediate 
re-ascent) had recurrences on the reflight. With rest periods ranging from 21 
to 180 minutes, bends recurred in approximately half of the 117 subjects tested. 
No subject with a rest period longer than 180 minutes had a recurrence of bends 
during the five minutes of the reflight. 

2. Comparison of the times of onset of bends. In the 63 subjects -with recurrence 
of bends, the time of onset of bends on the first flight was compared vdth the 
time of onset on the reflight. The average time of onset on the first flight 
was 28 minutes, ranging from 0 to 83 minutes, while the time for recurrence in 
the same subjects averaged 2 minutes on the reflight. Comparison of the two 
groups is given in table 2. 

TABLE 1 


Effect of the rest period on recurrence of bends 


BEST PERIOD 

TOTAL CASES 

RECURRENCES 

RECURRENCES 

minutes 


number 

% 

0-20 

5 

5 

100 

21-40 

23 

11 

1 48 

41-60 

29 

15 

52 

61-80 

24 

12 

50 

81-120 

28 

15 

54 

121-180 

13 

5 

46 

181-300 

4 

0 

0 

301-1800 

23 

0 

0 

Totals 

149 

63 



The striking difference between the time of onset of bends in the two flights 
indicates that the experience of bends on the first flight predisposes the subject 
to eai'ly onset on an immediately succeeding (within 180 min.) flight. 

3. Effect of the rest period upon the time of recurrence of bends. The duration 
of the rest period had a highly significant influence not only upon the likelihood 
of recurrence of bends, but it also appeared to affect the time of return of bends 
on the reflight. Tliis is shown in the direct correlation between the duration 
of the rest period and the average time of recurrence in each group (table 3). 

This relationship is also evident when it is seen that in subjects Awth shorter 
rest periods, bends tended to recur more frequently during re-ascent, before the 
chamber had reached the test altitude of 38,000 feet during the refiight. Four- 
teen cases vdth recurrence of bends during the re-ascent are also analyzed with 
reference to the rest period in table 3. It is evident that short rest periods 
predispose to an almost explosive recurrence of S 3 Tnptoms during the re-ascent. 

4. Bends duration and time of recurrence. The rapid recurrence of bends dur- 
ing the reflight was related not only to the duration of the rest period, but was 
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also correlated mtli the duration of bends during the first flight. This is showTi 
by the fact that the average time before recurrence on the refiight is less in 
those subjects with longer durations of bends. This relationship can also be 
seen in the analysis of data obtained from the 14 subjects in whom bends recurred 
during the ascent on the reflight, before the altitude chamber reached 38,000 

TABLE 2 


Time of onset of hends 


1 

TIKE OP ONSET 

1 

PiaST FUGHT 

SECOND FtlCHT 

minutes 

subjects 

subjects 

0* 

5 

14 

1 

3 

9 

2 

0 

16 

3 

0 

10 

4 

0 

6 

6 1 

3 

8 

6-10 

8 

— 

11-25 

11 

— 

26-50 

25 

— 

51-75 

6 

— 

76-83 

2 

— . 

Totals 

63 

' 63 


• 



* Indicates onset during ascent, before chamber reached 38,000 feet. 


TABLE 3 


Relationship between rest period and rapid recurrence 


:aEST PERIOD 

CASES WITH 1 

EECORRENCE 

average time of 

RECURRENCE 

SUBJECTS WITH 
RECURRENCES 
DURING REASCENT 

RECURRENCES 

during seascent in 

EACH GROUP 

minutes 


minutes 


% 

0-20 

5 

1.0 

3 

60 

21-40 

11 

1.6 

4 

36 

41-60 

15 

1.8 

5 

33 

61-120 

27 

2.6 

2 

8 

121-180 

5 

2.4 

0 

0 

Totals 

63 


14 



feet. Thus, only 3 out of 30 subjects with bends for S minutes or less had a 
recurrence during the re-ascent, while 11 of 33 with bends for more than 9 minutes 
had a recurrence during re-ascent. 

These results clearly indicate that subjects vith long durations of bends are 
more likely to have recurrences during re-ascent, or immediately after reaching 
38,000 feet, than those uith shorter durations of bends (table 4). 

5. Grade of 'pain of hends. The pain e.xperienced in bends ranged from a 
sharp, throbbing, highly localized pain to a dull aching generalized pain affect- 
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ing a region or an entire limb. Each subject was asked to identify the severity 
of pain according to the following classification: 

Grade 1. Mild transitory pain 

Grade 2. Persisting mild or moderate pain 

Grade 3. Severe pain which did not permit concentration on any task 
Grade 4. Excruciating pain demanding immediate descent. 

Grade 4 pain was usually associated with general symptoms such as profuse 
sweating, faintness or nausea. Pain which passed through more than one grade 
was recorded at its most severe grade. Thus mild pain which persisted for 30 

TABLE 4 


Effect of duration of bends on the time of recurrence 


CURATION OF BENDS | 

SUBJECTS WITH 
KECURKENCE 

1 

AVERAGE TIME OF 1 

recurrence 

SUBJECTS WITH 
recurrence 
during re-ascent 

minutes ■ 


minutes 


1-3 

13 

2.7 

1 

4-8 

17 

2.5 

2 

9-25 

20 

1.6 

8 

2&-50 

10 

1.6 

3 


3 

1.0 

0 

Totals 

63 

! 

1 

14 


TABLE 5 


Grade of bends and likelihood of recurrence 


GRADE OF bends 

FIRST FLIGHT ' 

NUMBER OF SUBJECTS IN 
EACH GROUP 

NUMBER WITH 
RECURRENCE 

NUMBER WITH SAME GRADE 
OF BENDS ON BOTH FLIGHTS 

1 

10 

1 

1 

2 

42 

21 

13 

3 

60 

35 

15 

4 

14 

6 

3 

Totals 

126 

63 

32 


minutes and which became excruciating in character just before descent, was 
recorded as gi’ade 4 pain, diu'ation 30 minutes. 

All cases vdth rest periods up to 300 minutes were analj’-zed to determine if 
there might be a relationship between the intensity of pain on the first flight, and 
the likelihood of recurrence on the reflight. It was seen that while grade 1 bends 
recurred in only one of ten subjects, the other three grades of bends recurred in 
approximately half of the subjects. It was also noted that when bends did recur, 
about half of the subjects reported that the pain Avas approximately of similar 
grade in both flights. Data are given in table 5. 

6. Occurrence of new bends during reflight. Of the 149 subjects Avith bends 
during the first flight, 11 (i per cent) reported the occurrence of bends during the 
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five minutes of the reflight in an anatomical site not involved during the first 
flight (new bends). These data are presented in table 6. 

These results do not indicate any difference between the two groups. It is 
obvious that on occasion new bends maj’' occur during the reflight in a new ana- 
tomical site, and this occurrence need not necessarily be related to the recitncnce 
of bends in other sites. 

7. Chokes. Symptoms of cliokes tended not to recur on the reflight. Thus, 
of 17 cases which were reflighted, one reported a recurrence of symptoms. Bends 
were also reported by 13 of these subjects, and of these, bends recurred in 8 
(table 7). 


TABLE 6 


Occurrence of neto beiids on the rejlight 





NEW BENDS 




% 

Subjects with no recurrence 

86 

7 

8 

Subjects with recurrence 

63 

4 

6 

Totals 

149 

11 



TABLE 7 


Comparison of recurrence of bends and chokes 


REST PERIOD 

NDUBER OF SUBJECTS 

SUBJECTS WITH 
RECURRENCE 
or CHOKES 

SUBJECTS WHO AISO 
BAD BENDS 

SUBJECTS IN \VHOit 
BENDS RECURRED 

minutes 

0-20 

4 

0 

3 

3 

21-80 

11 i 

1 

8 

5 

81-300 

2 

0 

2 

0 

Totals 

17 

1 

13 

8 


8. Recurrence of sympfoms other than bends or chokes. The relative rarity of 
symptoms of decompression sickness other than bends and chokes made it dif- 
ficult to establish whether or not there Avas a tendency for these symptoms to 
recur. Results on the few subjects that were tested are given below. 

Both .subjects with rash who were studied had a recurrence of the rash on the 
refiight. 

Blurring of vision with scintillating scotomata may occur not only while the 
subject is at high altitudes, but may ensue during descent or shortly after reacliing 
ground IcA’el (5). These visual disturbances usuallj’" regress rapidly, and disap- 
pear completel}^ within an hour or two. Four subjects who had e.xpcrienced 
blurring of A'ision on the first flight Avere i*eturned to 38,000 feet alter G2, 68, 113 
nnd 118 minutes of rest, respectiA'ely. In none of these Avas there a recurrence 
vof the visual disturbance. 
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A moderate or severe headache frequently follows the visual disturbance. 
In two cases the headache persisted during the rest period, and appeared to be 
aggravated during the reflight. n 

Other symptoms such as profuse sweating, faintness or nausea did not recur 
in 5 subjects. 

Discussion. Decompression sickness is now generally believed to be due to 
the formation and persistence of bubbles in sensitive regions (7). It has been 
suggested that these bubbles are present in the tendon sheath, and that they 
produce symptom.s by stretching and tearing (8). Inspection of our data leads 
to the conclusion that most of the phenomena described can be easily' explained 
in physiological teims and through the use of the physical laws pertaining to the 
behavior of gases. 

The gases dissolved in the tissues are normally in equilibrium with the gases 
in the pulmonary alveoli, except that because of metabolic activity the tissue 
oxygen tension is lower than that in the alveoli and the arterial blood; and the 
tissue carbon dioxide tension is somewhat higher than that of the venous blood 
and the alveoli. Thus the tissue oxygen tension would be less than 100 mm. Hg, 
and the tissue carbon dioxide tension would be somewhat more than 40 mm. Hg. 
The tissue nitrogen tension is in equilibrium with the alveolar nitrogen ten- 
sion, being approximately 580 mm. Hg at ground level. 

On decompression to 30,000 feet or above, where the total barometric pressure 
is approximately 200 mm. Hg or less, the nitrogen in the tissues becomes super- 
saturated, and the gradient is such that the nitrogen passes from the tissues 
where the nitrogen tension is high, via the blood stream, to the alveoli where the 
nitrogen tension is low. If this transport is inadequate, as in regions with poor 
circulation, the nitrogen will tend to come out of solution and foian bubbles. 
The phenomenon of Reynold’s cavitation, which occurs with sudden pressure 
changes, as may occur during muscular contraction, may contribute to the proc- 
ess of bubble fonnation (9) . 

After formation during or after ascent on the first flight, such bubbles ivould 
continue to grow at high altitudes as long as the partial pressure of the nitrogen 
in the tissues was greater than that in the adjacent bubbles. Recompression 
would decrease the size of the bubbles, and increase the tendency for the gaseous 
constituents to return to solution. With short rest periods, such a bubble would 
not have time to be completely re-dissolved, and with re-ascent it would expand 
quickly with the falling pressure and cause an almost immediate recurrence of 
the symptoms of bends. However, if sufficient time was allowed before re- 
ascent, and this is of the order of 3 hours according to our results, the bubble 
would be dissipated completelj’-, and the process of formation and grondih of the 
bubble must begin anew. 

The recurrence of bends in the same anatomical site after short rest periods 
suggests that if bubbles are present in such subjects, they must be in sites from 
which they cannot migrate, such as in the extravascular tissues. 

If bubbles were intravascular and producing s 3 Tnptoms of bends as a result of 
their embolus-like action, thej’- would shrink irith increased barometric pressure 
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on descent, and thus might be freed to pass on to the lungs and occasionally pro- 
duce sjnnptoms of paradoxical chokes or neurological disturbances (5)., On re- 
ascent, such bends would not be expected to occur in the previously affected site 
if all the bubbles in sensitive locations were washed away. The results reported 
in this stud}’- could thus be interpreted as showing that approximately half of 
those subjects with beirds had the bends-producing bubbles in the extravascular 
tissues. The remaining half of the s\ibjccts had bends due to bvibbles within the 
vascular system, since with rest periods between 21 and 180 minutes, half of the 
subjects had recurrences and the remainder did not. 

Our results showing that the time at altitude on the reflight before recurrence 
of bends is shortened in subjects with long durations of bends on the first flight, 
can be interpreted to indicate that after bubbles form and cause bends, the}’- will 
continue to gro-^^- in size as long as the partial pressure of the nitrogen in the 
tissues is greater than the partial pressure of the nitrogen in the adjacent bubble. 
If the bubble at the end of the first flight is large, it is to be e.xpected that a larger 
residue would remain, all other conditions being equal,, when the subject returns 
to high altitude. Therefore, s}Tnptoms of bends would be expected to recur more 
rapidly in subjects with longer duration of bends on the first flight. 

The failure, except in 1 out of 10 cases, of mild transient bends to recur is 
(easily explained by the assumption that the original bubble was either small and 
therefore quickly dissipated, or that it Avas in a relatively insensitive site. If the 
original bubble were small, it would be expected that the residue would also be 
minimal. 

The more severe grades of bends, 2, 3 and 4, all behaved similarly in that ap- 
proximately 50 per cent of the subjects in each group reported recurrences. This 
incidence of recurrence cannot be explained on the basis of bubble size since it 
would be expected that the more severe bends would be related to larger bubbles. 
In such an event, it would be expected that a greater incidence of recurrence 
would occur with grades 3 and 4 than in 2. It is apparently necessary to inter- 
pret these findings by suggesting that the degree of pain is due more to the sensi- 
thity of the site affected, than to the A'olume of the causative agent, the bubble. 
This is in accord with the work of Ivy and his associates (10) Avho showed that 
bubbles and pockets of gas may exist in" the tissues without reference to the pres- 
ence or grade of pain referred to the site. 

This latter point is supported by the fact that the grade of pain on the second 
flight was usually similar in character to that expexienced in the first flight. This 
w^ould suggest that the bubbles causing the pain I’emained in the same site during 
the descent and rest period, and on expansion with re-ascent they stimulated 
essentially the same pain receptors wiiich w'ere involved in the fii-st flight. 

The incidence of the occurrence of bends on the reflight in anatomical sites not 
immived dining the fii'st flight is of the order of occurrence of bends during the 
fii-st flight. It is likely that the meclianism responsible for these bends is identical 
with that involved in the formation and growdh of bubbles and the production 
■of bends in the first flight. It is ei’-en possible that a small proportion of the 
cases included in the recurrence data might also be due to new bubble formation 
xather than to the expansion of previously formed bubbles. 
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Several factors which were anal5’’zed appeared to have no clear relationship to 
the likelihood of recurrence of bends. These included the rate of ascent, time 
of onset of bends on the first flight, anatomical site or the number of sites in- 
volved, and the altitude of disappearance of pain during descent. 

The failure of chokes to recur suggests that the bubbles which might be respon- 
sible for this condition are probably intravascular. On recompression, their re- 
duced size would permit them to move to other locations in the vascular system 
to produce paradoxical chokes (5), or perhaps their gaseous constituents might 
be lost in the alveolar spaces. If these bubbles were capable of passing through 
the pulmonary blood vessels, they could go on to produce systemic disturbances 
such as are occasionally seen to occur during or after the return to ground level. 
Thus, if these bubbles lodged in the central nervous system, they could easily 
produce scintillating scotomata, vomiting, collapse, and other disturbances de- 
pending upon the neurological site involved (5). 

SUMMARY 

1. Passengers in the low pressure chamber who experienced symptoms of de" 
compression sickness were, after variable periods of rest at ground level, returned 
to 38,000 feet simulated altitude to detennine the likelihood of immediate recur- 
rence of S3Tnptoms. 

2. When the subject was pennitted to remain for 180 minutes or more at 
ground level between flights, symptoms did not recur. With shorter rest periods, 
half the subjects with bends had a recurrence of this conditioil vdthin the first 6 
minutes at altitude. 

3. When the duration of bends on the first flight was increased, the time before 
recurrence on the reflight was lessened. 

4. Mild transient bends tended not to recur. The more severe grades of bends 
recurred in half the subjects tested. 

5. Chokes tended not to recur, even in subjects %vith recurrence of bends. 

6. The phenomena observed are discussed in terms of the concept that decom- 
pression sickness is due to the presence of bubbles in the tissues and blood vessels. 
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Until recentty, the duration of voluntary apnea had been recorded in a variety 
of situations such as mountain climbing expeditions (1, 2), in certain diseases, 
particularly those of the pulmonary and cardiovascular systems (3), in evaluating 
phj’sical fitness and anxiety states (4), and for instmctional purposes (5). The 
second World War relieved interest in breath-holding and it was again tested 
for its utility in the evaluation of physical stamina (6), in the study of the effects 
of high altitude in the decompression chamber (7, 8, 9) and in testing for neuro- 
circulatory asthenia (10, 11). 

The second World War renewed interest in breath-holding since it appeared to 
have survival value in emergenc}’’ situations in which ox 3 ’-gen tensions in the 
inspired air is low, or in the presence of fire or no.xious gases. The studies out- 
lined in tliis paper were directed at an evaluation of the utility of breath-holding 
in escape from aircraft at high altitudes. In order to anab'ze factors which might 
affect the time of the hold, we determined the effects of altitude, of certain oxygen 
tensions, of hj’'perventilation and of a short burst of work equivalent to an 
attempt to leave an airplane in flight. 

Methods. Fifteen hundred and eight 3 ’’-one determinations of breath-holding 
time were made on SO volunteers at the Altitude Training Unit, Kingman Army 
Air Field, Arizona (altitude 3400 ft.), and at the Aero Medical Laboratoiy, 
Wright Field, Dayton, Ohio (altitude 500 ft.) during Novembor-December 
1944. The subjects were told to take a single deep inspiration and to hold it as 
long as possible, but to exhale before extreme pain and discomfort occurred. 
When the subjects first attempted to hold the breath, unfamiliarity v'ith the; 
maneuver caused them to teiminate the test after about 30 seconds. Confidence 
developed after a few trials, and the subjects became remarkabb’’ consistent in 
successive measurements. In an early series of 341 consecutive determinations 
while the subjects were at rest at ground level breathing air, the average hold was 
70 seconds, ranging from 34 to 125 seconds. Since the responses to various 
procedures were proportional to the hold at rest while at ground level and 
breathing air, our results are expressed as percentages of this average hold of 
70 seconds. 

Results. 1. The variability of the hreoth-holding time. The apparent great 
variability'" of the breath-holding time seen from subject to subject, and even 
in the same subject at various times has unquestionabb" deterred man 3 " workers 
from using this teclmique for the stud}" of problems in respiration, work, fatigue 
and the like. Anabasis of our data indicated that the hold is quite constant when 
onN a few minutes intervenes between readings. There ma 5 " be sliifts of the 

^ Formerly with the Altitude Training Program, Army Air Forces. 
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base line. Usualh'' an increase in breath-holding time occurs M ith repetition of 
the test. Nevertheless, randomization of the control readings makes it clear 
that useful data may be obtained. This is illustrated in the results of a typical 
experiment on a volunteer lying at rest on a cot at ground level, breathing air 
(table 1). 

By taking 2 deep breaths and holding the second, 5 subjects increased their 
breath-holding time an average of 16 per cent. This was increased but slightly 
by taking three deep breaths and holding the third, or taking 5 deep breaths and 
holding the fifth. After hyperventilating at ground. level for 30 seconds the hold 
was increased 45 per cent. 

In 28 resting subjects who took either a single deep breath of oxygen, or 
breathed oxygen for one or two minutes, the breath-holding time was increased 
an average of 80 per cent over the control values. 


TABLE 1 


, TIME P.M. 

CONTROL HOLD 

HYPERVENTILATED TOR 30 SECONDS WHILE 

breathing air, hold j 

breathing Oxygen, hold 


seconds 

seconds 

seconds 

2:30 

53 



2:33 

59 



2:37 

63 



2:42 


88 


2:49 



127 

2:55 

58 



3:01 



142 

3:09 


93 


3:14 

64 



3:20 


97 


3:27 



160 

3:32 

77 



Average 

62 

93 

1 

143 


2. The effect of altihide. The hold decreased progressively vith increasing 
altitude when the subject breathed ambient air (fig. 1). 

The breath-holding time increased above normal when the subject breathed 
pure oxygen at altitudes below 25,000 feet; above that altitude the hold was 
less than normal and decreased progressively with decrease in atmospheric pres- 
sure (fig. 1). 

The demand oxygen regulator (type A-14) used by the Army Air Forces was 
designed to deliver a mixture of oxygen and air calculated to maintain the normal 
ground level alveolar oxygen tension. When the regulator delivered this mix- 
ture, no significant change in the hold was noted until altitudes above 23,000 
feet were reached. Above that altitude, the breath-holding time decreased vdth 
decreasing barometric pressure (fig. 1). 

3. The effect of exercise. The effect on the hold of the moderate exercise in- 
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volved in 10 deep knee bends performed in 15 seconds was determined at several 
altitudes in 105 trials. The subjects took 10 deep knee bends, sat dornx, took 
a deep breath and held it as long as possible. This exercise was found to be equiv- 
alent to the performance on the bicj'cle ergometer of about 2250 foot pounds of 
work in 15 seconds. 

The average breath-holding time after 10 knee bends was found to be about 
30 seconds (40 per cent of control) at altitudes above 10,000 feet and did not 
appear to change significantly vith greater altitudes up to 28,000 feet. Above 
28,000 feet the breath-holding time alter exercise appeared to be further reduced. 


BREATH HOLDING 
Time 
SECONDS 


V. OF CONTROL 
(GROUND LEVEL, AIR) 



ALTITUDE IN THOUSANDS OF FEET 


Fig. 1. Effect of altitucie on breath-holding time. Upper curve: obtained with subjects 
breathing pure oxygen prior to hold. Middle curve: obtained with subjects breathing 
“automixed” air and oxygen from a demand regulator (type A-14) as described in the text. 
Lower curve: obtained with subjects breathing ambient air. Each point represents an 
average of at least 7 determinations. 


There was no significant difference between the group breatliing pure oxygen 
during the exercise and the group using the oxj'gen-air mixture furnished by 
the regulator (fig. 2). 

Short bursts of work lasting 15 seconds on the bicycle ergometer in 56 tests on 
4 subjects at ground level showed clearlj'- that the breath-holding time is reduced 
in proportion to the degree of exertion (fig. 3). After exercise, recoveiy of the 
resting ability to hold the breath begins at once on resumption of respiration 
and appears to be complete vithin 5 minutes. 

The performance of 10 knee bends in 15 seconds caused a doubling in minute 
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respiratory volume Avhen no attempt was made to hold the breath in 10 subjects. 
The debit in respiratory ventilation volume resulting from breath-holding was 
quickly repaid by spontaneous hyperventilation occurring immediately after 
resumption of breathing. Most of the debit Avas repaid AATthin the first minute 
after respiration AA’as resumed. Substitution of 100 per cent oxygen foi aii did 
not affect the rate or degree of this recovery. 


BREATH HOLDING 
TIME 

seconds 


% OF CONTROL 
(GROUND LEVEL, AIR) 



0 34 10 18 23 26 33 33 3B 


ALTITUDE IN THOUSANDS OF FEET 


AUTOMtX 


• OHfAiif AMP oxrecft) 

• PUAC OXrS£M 


Fig. 2. The effect of 10 knee bends on breath-holding at altitudes up to 38,000 feet. Up- 
per curve; this is the middle curve of figure 1, used as aline of reference. Solid line: breath- 
holding time at various altitudes A\-hile breathing oxygen-air mixture as described in text. 
Solid circles are individual determinations. Double line: average breath-holding times 
obtained when the subject breathed pure oxygen. Open circles are individual determina- 
tions. 


4. Escape from ^'■spinning aircraft”. Six subjects AA'ere tested for breath-hold- 
ing ability in 16 trials AA'hile attempting to craAvl through a hatch against the 
increased force of graAdt 3 ’', induced in the spinning centrifuge. They wore sum- 
mer or AATnter fljung clothes Avith a back-pack parachute AA'eighing about 20 
pounds. With 1.6 to 2.4 g (resultant betAA'een the lateral force induced by the 
spinning centrifuge and that of the doAATiAA'ard pull of graAuty) they AA'ere able 
to leave the hatch in 15 to 25 seconds. Breath-holding AA'as begun at the begin- 
ning of the attempt to escape, and the hold under these conditions AA'as found to 
be IS to 28 seconds, averaging 23 seconds. The time to get through the hatch 
aA'eraged 17 seconds. Thus the aA'erage breath-holding time after leaA'ing the 
“aircraft” AA’as 6 seconds. 





146 


S. ROBBAKD 


5. The effect on the oxygen salxiration of the blood. An indirect measure of 
oxygen saturation of the blood while holding the breath at several altitudes was 
obtained bj'- means of the Millikan oximeter (12). The recording unit was placed 
on the ear and calibrated at 96 per cent when the subject breathed air at ground 
level. At 5, 10 and 15 thousand feet, the oximeter reading indicated a slight 
increase in oxygen saturation within a few seconds after the hold was commenced. 
As the hold continued the reading declined progressive!}’’ until breathing was 
again resumed. Within a few seconds after respiration had begun again the 
oximeter reading fell shai’ply, and then began to return to the control reading, 
reaching this value in 20 to 30 seconds. Average data are indicated in table 2. 



FOOT POUNDS OF WORK flCCOMPUSHEOlNIS SECONDS (BICYCLE ERGOMETER ) 


Fig. 3. Effect of a sudden burst (15 sec.) of pedaling on the bicycle ergometer on the 
ability to hold the breath immediately after exercise. Each point is an average of at least 
7 determinations. 

When breathing 100 per cent oxygen at ground level no change in the oximeter' 
reading was observed in four tests even though the subject held his breath for 
140 to 160 seconds. At 15,000 feet there was a fall of only 2 points in subjects 
breathing 100 per cent O 2 and holding the breath for 130 seconds. 

The results suggest that at the onset of breath-holding, the increased intra- 
thoracic pressure resulting from the Valsalva maneuver increases the effective 
pressure in the lungs and thus causes a greater oxygenation of the blood. Con- 
versely, at the end of the hold, the sudden release of intrathoracic pressure results 
in a similar fashion in a decreased oxygen tension of the blood. Such a mech- 
anism would tend to raise the blood oxygen saturation somewhat during breath- 
holding. The increasing tonus of the diaphram and the thoracic wall during 
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breath-holding probably plays a large part in the production of the discomfort 
wliich finally causes an end of the hold. 

In 10 tests, exercise (10 knee bends) had little or no effect on the oxygen satura- 
tion readings during the subsequent breath-holding period. On resumption of 
breathing a transient sharp fall of 8 to 10 points in the oximeter reading was 
usually observed. No difference Avas seen in the groups breathing air or oxygen. 

Discussion. The effect of hyperventilation with air in increasing the hold 
probably may be due to the loss of blood carbon dioxide. The increase in the 
hold AAdien the subjects Avere breatliing pure oxygen can be ascribed only to the 
increase in oxj’^gen tension in the alveoli and the blood. The fact that breathing 
of pure oxygen for 2 minutes Avas not of much more value than a single deep 
breath of oxygen re-emphasizes the fact that the ability of the body to store 
oxygen in the tissues is severely limited. This is also in accord AA'ith the findings 
of Ferris and his associates (13) that breath-holding time Amries directly AA'ith the 
oxygen content of the blood, and that under conditions of rest, the factor pre- 


TABLE 2 

Oximeter readings during breath-holding at various altitudes 


KO. 

TRl- 

AIS 

ALTI- 

TUDE 

HEADINGS AT 10 SECOND INTEEVAES DtDUNG BHEATH-HOIDINC 

ArTER RESUMPTION 

OF BREATHING 

Mini- 

mal 

read- 

ing 

Seconds 

H 

10 

20 

30 

40 

SO 

60 

70 

80 

90 



120 

10 

20 

30 


IQI 


















6 


96 

97 

96 

96 

96 

95 

93 

90 

88 


81 

77 

73 

71 

85 

92 

93 

4 

j 

96 

98 

98 

98 

96 

96 

92 

84 

85 


79 



76 

90 

96 



I 

92 

93 

93 

92 

89 

84 

81 

77 






72 

84 

93 



SSi 

87 

89 

89 

84 

79 

74 








66 

75 

84 



cipitating the breaking point is dependent on O 2 lack. IlyperA'entilation AA'hile 
breathing pure oxygen combines the individual beneficial effects of increased 
oxygen tension and of loAvered ah'eolar- carbon dioxide tension. Our results 
suggest that under conditions of exercise, CO 2 excess precipitates the end of the 
breath-holding maneuver. 

The reduction in breath-holding time seen AA’ith decreased atmospheric pressure 
Avhen the subjects breathe ambient air is remarkably similar to the percentage 
reduction in the calculated oxygen tension of the ah'eoli. This effect is not 
appreciably disturbed by preliminary spontaneous hyperventilation and the 
associated loss of carbon dioxide. This is in accord Avith the observ'ations of 
Flack (4), Sclmeider (5) and Fei’ris (8, 13). AVith prolonged exposure to high 
altitude changes are seen in the breath-holding time as a result of changes in the 
acid-base balance (1). 

It Avas of interest to note that the breath-holding time furnished a “bioassay” 
of the air-oxygen mixing regulators produced for the Anny Air Forces designed to 
maintain the alveolar oxygen at that obtaining at gi’ound level. HoAvever, 
AA’hile the regulator is calculated to delh'er such' a mixture up to -33,000 feet, the 
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breath-holding time was reduced at altitudes above 23,000 feet. This reduction 
could not be attributed to leakage around the oxygen mask, since the fit of the 
masks was carefully checked. This unexpected reduction of the breath-holding 
time between 23 and 33 thousand feet deseiwes further investigation. 

The utility of the breath-holding time as a practical measure for use in escape 
at high altitude is obviously limited, as indicated in our centrifuge experiments. 
Such a maneuver would preserve the oxygen already present in the lungs during 
a free fall thi'ough the higher reaches of the atmosphere where serious anoxia 
might occur. However, it is apparent that the work attendant upon escaping 
from an airplane when dressed in heavy flying clothing, as well as the reduction 
brought on by the anxiet}'' and excitement of the situation, would seriously limit ^ 
the utility of the breath-holding maneuver. The readj’' availability of a supple- 
mentarj!' o.xygen suppty is indicated. 

It is apparent that the stud}'’ of the breath-holding time furnishes a very useful 
technique for the stud}' of the re.spiratory mechanism in normal man and under 
various conditions of plysiological stress. 

SUMMARY 

1. Breath-holding time is increased by breathing oxygen, and after hjqier- 
ventilation. It is decreased by reduced alveolar oxygen tension and by short 
bursts of exericse. 

2. The usefulness of the breath-holding time in the study of practical and 
theoretical problems involving the function of the respiratoiy mechanism is 
discussed. 
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It has been shown by Bernthal and Schwind (1) that there is a reflex vaso- 
constriction in the intestine in response to excitation of carotid and aortic chemo- 
receptors. These investigators used basically different procedures to elicit 
chemoreflex reactions. Chemical changes were brought about first by changing 
the composition of the inspired air, and second by the intravenous injection of 
chemical agents. In both instances a distinct constriction was produced in the 
intestinal vasculature. The vessels of the intestine behaved in the same manner 
as those of the spleen, submaxillary gland and the limb. These authors pointed 
out that this common response would be expected on the basis that carotid 
and aortic chemoreceptor stimulation initiates generalized excitation of thora- 
columbar vasomotor efferents. 

In view of the possible relation between vasoconstriction in the intestine and 
the rate of absorption it was considered worthwhile to investigate the effect of 
continuous carotid sinus 'stimulation on absorption from the small intestine of 
the mammal. 

Methods. The experiments were performed on barbitalized dogs (300 mgm. 
sodium barbital per kilo intravenously), which had been fasted 24 hours. One- 
hundred cubic centimeters of isotonic sodium chloride solution were placed in a 
Moreau loop of the lower portion of the small intestine and left for 30 minutes. 

Thirteen dogs, used for the control experiments, had an average blood pressure 
of 122.9 mm. Hg. In order to rule out the factor of differences in blood pressure, 
these control animals were selected so that the blood pressure range was compa- 
rable to that of the experimental group. 

Absorption was studied in 15 dogs while the carotid sinus region was continu- 
ously stimulated electrically for 30 minutes bj^ placing an appropriate electrode 
directly into the carotid sinus. A Harvard inductorium was used which operated 
on a 7 volt current; the coil distance Avas from 3 to 6 cm. The average blood 
pressure of this group, while the carotid sinus Avas being stimulated, Avas 124 mm 
Hg. 

At the end of 30 minutes the sodium chloride solution Avas removed from the 
intestinal loop and the volume carefully measured. The amount of chloride 
in the solution Avas quantitatively determined by the Van Slyke modification 
of the Volhard method. 

Results. The data, table 1, shoAA" that there is a statistically significant re- 
duction in the absorption of fluid and chloride in the experimental group. It is 
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of interest to note that the difference in the average blood pressure values be- 
tween the control and experimental group was only 1.1 mm. Hg. 

Discussion. The results clearly indicate that less chloride and fluid were 
absorbed in the experimental gi'oup than in the control animals. Of several 
possible theories which might be offered to explain these findings, some of the 
more pertinent will be considered. 

One factor which maj’- be significant is the change in permeability of the 
intestinal epithelium following stimulation of the autonomic nerves. Gellhorn and 
Northup (2) in 1933, studying the frog’s intestine perfused with isotonic glucose 

TABLE 1 


Effect of stimulation of carotid sinus region on dbsorptioji of chloride from intestine 


CONTROL 

EXPEROtENTAIe 

Blood pressure 

Fluid 

absorption 

Chloride 

absorption 

Blood pressure 

Fluid 

absorption 

Chloride 

absorption 

mm. Bg 

% 

% 

mm. Bg 

% 

% 

103.4 1 

23 

49 

111.4 

17 

32 

104.6 

51 , 1 

61 

112.8 

. 73 

78 

116.0 

70 

75 

' 115.0 

37 

44 

117.4 

52 

66 • 

117.8 

16 

40 

120.2 

57 

62 i 

118.2 

52 

57 

121.2 

56 

64 

119.4 

50 

59 

121.4 

82 

-r- 

119,6 

55 

60 

129.2 

43 

49 

121.4 

43 

49 

129.8 

62 

68 

122.0 

54 

64 

131.7 

68 

74 

122.2 

36 

55 

133.0 

56 

63 

124.4 

57 

64 

134.0 

51 

58 

127.8 

45 

■ 58 

135.2 

82 

88 

135.2 

17 

35 




136.8 

28 

42 



1 

156.4 

50 

54 

Av 122.9 

57.9 

1 64.8 

124 

42 

52.7 


Av. differences: fluid, 15.9% (“p” 0.02); chloride, 12.02% ("p”0,01); blood pressure, 
1.1 mm. Hg. 


solution, reported that absorption of glucose was altered by stimulation of the 
autonomic nerves. The blood vessels supplying the intestine were simul- 
taneously perfused at a constant rate with Ringer’s solution. Thej'^ interpreted 
then' results to mean that stimulation of autonomic nenms alters cellular per- 
meability by means of humoral agents. 

These authors had shown previous^’' that acetylcholine and adrenaline had 
antagonistic effects on the transport rate across the intestinal epithelium. In 
high concentrations, adrenaline increased the rate of transport of glucose' whereas 
acetylcholine decreased it; in lower concentrations the effects were reversed. 

The conclusions of Gellhorn and ISTorthup may not be applicable to our work, 
since they were studjdng absorption of glucose from the frog’s intestine whereas 
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our work ^yas concerned with chloride absorption from the mammalian intestine. 
It is a possibility, of course, that a humoral agent was responsible for the de- 
creased amount of absorption of sodium chloride from the mammalian intestine; 
however, it does not seem a hkely explanation. 

The question of anoxia is to be considered, since there was a vasoconstriction 
of the intestinal vessels. It has been shown by Van Liere and Sleeth (3) that 
a moderate degree of anoxic anoxia has no effect on absorption of chloride from 
the intestine of the dog. Marked degrees of anoxia may actually increase 
chloride absorption (unpublished work). There is no reason to feel that there 
was a high degree of anoxia in the course of our experiments, and further if there 
had been, the absorption of chloride presumably would have been increased 
instead of decreased. 

The most plausible explanation for the decreased absorption of chloride during 
stimulation of the carotid sinus region is the reflex constriction of the intestinal 
vasculature and the consequent decreased blood supplj^ to the intestine. There 
may be contributing factors, but thej’- are presumably less important than the 
decreased blood supply produced by reflex vasoconstriction. We do not know 
the actual degree of vasoconstriction which takes place. According to Bernthal 
and Schwind (1) the potential capacity for vasomotor response upon the part of 
the intestinal vessels and their nervous controlling mechanism is great. They 
stress, however, that the intensity of stimulation required to implement this 
capacity fully appears to be high and is brought into action only under extreme 
conditions. 

In our experiments fairly strong faradic stimulation was used, and it is logical 
to suppose that considerable vasoconstriction .was produced in the arteriole bed, 
and as a -consequence, the blood flow through the capillarj’’ region was consider- 
ably reduced. The authors recognize, however, that there is not necessarily a 
direct relation between the amount of blood flow and the amount of absorption 
from the intestine. 

Lastly, it should be emphasized that the control animals had been selected 
which had a blood pressure range within that of the experimental group. This 
was deemed necessary, because it has been shown in our. laboratory (work to 
be published) that the level of the systemic blood pressure may significantly 
influence absorption from the small intestine. 

SUMMARY 

The absorption of isotonic sodium chloride solution from a Moreau loop of 
the lower portion of the small intestine was studied in 13 barbitalized dogs. 
The solution was left in the intestine 30 minutes. The average blood pressure 
of these dogs was 122.9 mm. Hg. 

Absorption was studied for the same length of time in 15 dogs while the carotid 
sinus region was continuously stimulated electrically. The average blood pres- 
sure of this experimental group was 124 mm. Hg. 

The percentage fluid and chloride absorbed by the control dogs was 57.9 and 
64.8 respectively. In the experimental group the percentage absorption was 
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42 and 52.7 respectively. The latter group showed a statistically significant 
reduction of fluid and chloride absorbed. 

The constriction of the intestinal vasculature and consequent decreased blood 
flow through the capillary region produced by stimulation of the carotid sinus 
region probably caused the lessened amount of absorption in the experimental 
group. 
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There is a widespread belief, maintained by most of the current textbooks in 
physiology, that the heart is resistant to undernutrition and does not undergo 
important degeneration or functional changes in starvation or prolonged under- 
feeding like the other tissues of the body. This idea has even been incorporated 
into a general principle proclaiming the wisdom of nature in protecting the 
most ‘ vital” organs in stai-vation (cf., e.g., Foster, 1895; Evans, 1945). The 
current textbooks on cardiology generally make no mention of starvation effects, 
apparently having accepted the opinion of Vaquez (1924) in his authoritative 
textbook; “The conclusion is that inanition has no harmful effect on the heart” 
(p. 290). 

The major purpose of the present paper is to present results of studies on the 
heart and circulation in 32 young men who, after several months of control 
observation on a normal diet, underwent controlled starvation to the extent of 
losing about one-fourth of their body weight in six months. Thereafter they 
were studied for three months during controlled rehabilitation and 12 of them 
for an additional two months on diets of their own choosing. Limited obser- 
vations were made on 21 of these men after 32 to 35 weeks of rehabilitation 
and on a few of them about 20 weeks later. A brief general sketch of the ex- 
periment has been published (Keys, 1946). The electrocardiographic studies 
are reported separatel}^ (Simonson, Henschel and Keys, 1947). 

In the subsequent presentation the control period is designated simpl}^ as 
"C”, and the stages of semi-starvation are referred to as S5, S12, etc., the number 
referring to the number of weeks of semi-starvation. Similarly, the rehabili- 
tation period is designated as R6, R12, etc., meaning the number of weeks 
following the end of semi-staiwation. 

Subjects and conditions. The subjects were volunteers from Civilian Public 
Service who were judged to be free from signs or historj^ of significant phj'^sical 

1 The work described in this paper was initiated under sponsorship of the Brethren Ser- 
vice Committee, Elgin, Illinois, the Service Committee of the Society of Friends, Phila- 
delphia, the Mennonites Central Committee, Akron, Pennsylvania, the John and h'lary R. 
Markle Foundation, New York, the Sugar Research Foundation, New York, the National 
Dairy Council, operating on behalf of the American Dairy Association, Chicago, and the 
Home iMissions’ Board of the Unitarian Society, Boston. Later, this work was supported, 
in part, under the terms of a contract, recommended by the Committee on Medical Re- 
search, between the Regents of the University of Minnesota and the Office of Scientific 
Research and Development. During the later stages of rehabilitation this contract was 
transferred to the Office of the Surgeon General, U. S. Array. 
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or phjfsiological abnonnalities. The 3 ’' ranged from 20 to 33 j'^ears of age and 
were of sedentary to moderatelj’’ atliletic habits. 

During a three-months’ period of pre-starvation control and thereafter 
during semi-starvation and subsequent rehabilitation, these men lived and 
wmrked in the laboratoiy and maintained a set schedule of activity correspond- 
ing roughly to that of light industrial Avork. Aside from the usual upper re- 
spiratorj'^ infections, Avhich AA'ere neither unusually frequent nor severe, there 
AA'ere no complicating illnesses. 

The semi-starvation diet Avas patterned after the customar}’’ famine diets of 
Europe, i.e., the major food items AA'ere coarse cereals and potatoes, Avith cab- 
bage and turnips supplj'ing a fair amount of bulk. Dairj' products, meats and 
fats Avere proA'ided in onlj' token amounts. No protein or Autamin supple- 
ments AA'ere gNen except in rehabilitation AA'here the diet, for the first three 
months, Avas essentially unchanged except in quantity. 

Besides the loss in bod}' weight, these men developed the classical signs of 
starA'ation — ^AA'eakness, fatigue, edema, depression, brad5'cardia, poljoiria — and 
these rather slowty regressed in rehabilitation. There Avere no unequh'ocal 
signs of either protein or A'itamin deficienc}'; even suggestive indications of 
A'itamin deficiencies Avere feAV, slight and of dubious significance. 

Methods. Cardiac measurements AA'ere made on roentgenkymograms. The 
subjects, in the resting state, briefly stood for the anterior-posterior A'ieAv ex- 
posure. The cardiac silhouettes, in both A'entricular systole and diastole, Avere 
draAvn and both gross A'olumes and stroke AA'ere calculated folloAA'ing the method 
of Keys et al. (1940). Transverse diameter AA'as measured in systole as Avas the 
long diameter; the latter was simpty taken as the longest diameter in the an- 
terior-posterior A'iew. All measurements AA'ere corrected for triangular dis- 
tortion. The major anatomical axis was draAA'n according to A'isual judgment 
and the angle of inclination of the heart AA'as measured as the departure from 
the horizontal. An example of these tracings and measurements is gb'en in 
figure 1. 

Bodj' Aveight Avas measured in the nude before breakfast. Basal metabo- 
lism AA'as measured AA'ith a closed-circuit apparatus, using tAvo periods of eight 
minutes each on eveiy occasion. Venous blood pressure Avas measured AA'ith a 
saline manometer directty communicating bj' Avaj' of a 20-gauge needle AA’ith a 
A'ein in the antecubital fossa; the zero point AA’as taken to be 10 cm. from the 
top of the litter on AA'hich the subject laj' in the supine position. 

Results. Pulse rate and arterial pressure. The most obvious changes re- 
lating to the heart and circulation AA'ere those in the pulse rate and blood pres- 
sure. Mean A'alues in the basal state of rest are summarized in table 1. These 
subjects, as is common^' found AA'ith noimal young men in this laboratorj', 
AA'ere characterized bj' relatiA'elj' sIoav heart rates and Ioav blood pressures in 
the basal state. The aA'erages at C AA'ere 55.19 beats per minute and 106.53/ 
69.91 mm. Hg. 

In the first fcAv Aveeks of semi-stai'A'ation the blood pressure AA'as unchanged 
but the heart rate became progres-sri'ety sloAA'er, the most extreme bradj'cardia 
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being observed at S13 when the average heart rate was 35.31. Four men. 
had rates of 28 on repeated manual counts of 1 minute each and one man had 
a rate of 24. Thereafter until the end of semi-starvation the heart rate very 
gradually rose, averaging 37.31 at S23. In the first 12 weeks of rehabilitation 

Subject. H L. 



Pig. 1. Cardiac tracings and measurements made from roentgenkymograms of subject 1 
during the control period (12/17/44) and at the end of semi -starvation (7/23/45). Tr.D. = 
transverse diameter, L.D . = long diameter. The diastolic and systolic areas are calculated 
from the planimeter tracings of the heart shadow outline. 

TABLE 1 


Mean values for S8 men for pulse rate and blood pressure {mm. Hg) in control {pre-starvation) 
, and after 6, IS, 20 and 23 weeks of semi-starvation. All 

measurements made in basal rest 


TTEU 

I CONTEOI. 1 

sS 

Sl3 ^ 

S20 * 

s23 ’ 

i 

Sl2 

Body weight, kgm 1 

69.39 

63.33 

56.60 

53. SS 

52.83 

5S.76 

Pulse rate ; 1 

55.19 1 

40.78 

35.31 

36.75 

37.31 

49.66 

Systolic B.P 

106.53 1 

106.03 

99.19 

9S.47 

94.69 

'99.91 

Diastolic B.P ^ 

69.91 1 

6S.46 

68.22 

70.47 

1 64.50 

68.25 

Pulse pressure 

. 36.62 1 

37.57 

30.97 

28.00 

1 30.19 

^ 31.66 


the heart rate slowly returned toward normal but still only averaged 49.66 
at R12. 

The response of the blood pi’essure to semi-starvation was less dramatic 
but definite signs of developing hypotension were seen by the middle of semi- 
starvation when the body weight had declined about 15 per cent on the ai'erage; 
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at this time the pulse pressure had also definitely decreased by about 15 per 
cent. As semi-starvation continued the sj’'stolic blood pressure continued to 
fall slowly with little or no further change in the pulse pressure. In the first 
12 weeks of rehabilitation the recoi'-er}'- in both s 5 fstolic blood pressure and 
pulse pressure was incomplete. 

After 12 weeks of rehabilitation, when the men were alloAved to eat as much 
as thej’’ wished, there was a rapid rise in the pulse rate to reach a level of rela- 
tive tachycardia in 2 iveeks and then falling slowly to be at about the pre- 
starvation level at R20. hlean values for 12 men are given in table 2. Basal 
pulse rate measurements on 21 of the men at R34 gave an average of 58.71; 
this is significant!}'' higher than the conti’ol mean of 54.90 for these same men. 

In later rehabilitation (after E.12) the blood pressure shouted verj’^ little 
alteration. For 21 men the mean values at C and 1134, Tespectii’-ety, Avere 
106.6/69.9 and 107.4/71.1. 


TABLE 2 

Mean pulse rates and blood pressures in the basal state of the IS men who were continuously 
observed through 20 weeks of rehabilitation 


ITEM 

CONTROL 

s24 

e6 

S12 

sU 

£16 

r20 

Pulse rate 

56.1 

37.S 

42.7 

52.3 

70.9 

64.1 

57.3 

Systolic B.P 

105.3 

92.7 

97.2 

101.5 

106.8 

104.9 

104.0 

Pulse pressure 

35.1 j 

29.4 

30.7 

32.3 

34.3 

34.9 

35.4 


Size, position and stroke. During the first 12 weeks of semi-starvation, the 
OA’-erall size of the heart for the AA'hole group of 32 men diminished at almost 
the same rate as the reduction in body AA'eight. iA^iile the body’Aveight de- 
creased b}'' 17.4 per cent, the estimated heart Amiume decreased 15.7 per 
cent. Durmg the next 12 Aveeks, hoAAwer, the rate of loss in heart size AA'as 
considerably less so that the total period of 24 AA'eeks produced an aA^rage loss 
of heart Amlume of 17.1 per cent AA’hile the corresponding loss in total Aveight 
Avas 24.0 per cent, Avith the ratio of heart size to body AA'eight loss being 0.71. 

The reduction in heart volume Avas accompanied bj’’ a sharp reduction in 
transA'erse diameter but by only a small decrease in overall length of the heart 
(long diameter). This may be explained, at least in part, by the changing 
position of the heart. The heart assumed a considerabty more A'ertical posi- 
tion in the chest in staiwation, the aA'erage difference in the angle of the major 
axis being 8.5° at S12 and 5.7° at S24. It should be obseiwed that the trans- 
A'erse diameter represents a different proportion of the heart breadth AA'hen 
the axis angle is changed. 

In rehabilitation, as shoAA'n by table 3, the cardiac dimensions AA-ere not back 
to the control level after 12 Aveeks (R12) but had slightl}' surpassed the con- 
trol A'alues at R20. The angle of the anatomical axis behaA'ed in the same 
general fashion and the parallelism of all the cardiac dimensions AA'ith the changes 
in body weight Avas fairly close. There was a tendency for the return in heart 
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size to proceed more rapidly than the recover 5 ’' in bods'" weight, but the differ- 
ence was of doubtful statistical significance. 

The stroke volume of the heart decreased in starvation almost exactly in 
proportion to the total systolic' volume of the heart. During rehabilitation, 
however, the recoveiy in stroke volume lagged considerablj'" behind that in 
heart volume as shown in table 3. From the low point at S24 the increase at 
E,20 was 26.6 per cent in total systolic volume, but the stroke volume increased 
only 9.3 per cent in these 20 weeks. 

TABLE 3 

Size of the heart in ventricular systole in rest, together with anatomical heart axis, body weight 
and basal pulse rate. The stroke volume is calculated from the difference between diastole 
and systole by the method of Keys et al. {1940). Means and standard deviations {S.D.) for 
IZ men in control, after 24 weeks of semi-starvation, and after 12 and 20 weeks of 
rehabilitation. 


ITEM 

c 

S24 

b12 

k20 

^lean 

S.D. 

!Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

Transverse diam., cm 

11.44 

0.92 

10.03 

1.00 

11.08 

0.98 

11.79 

1.21 

Transverse diam., % 

100 

8.0 

87.7 

10.0 

96.8 

8.8 

103.0 

10.2 

Long diam., cm 

13.64 

0.53 

12.96 

0.79 

13.60 

0.72 

14.05 

0.66 

Long diam., % 

100 

3.9' 

95.0 

6.1 

99.7 

5.3 

103.0 

4.7 

Systolic volume, cc 

575.3 

74.1 

470.2 

83.2 

551.0 

78.9 

594.9 

88.1 

Systolic volume, % 

100 

12.9 

81.7 

17.7 

95.6 

14.3 

103.4 

14.8 

Body weight, kgm 

67.7 

5.15 

51.7 

3.34 

58.2 

3.77 

70.8 

4.44 

Body weight, % 

100 

7.6 

76.5 

6.5 

86.2 

6.5 

104.9 

6.3 

Pulse rate 

56.1 

6.09 

37.8 

5.15 

52.3 

6.61 

57.3 

5.92 

Pulse rate, % 

100 

10.9 

67.5 

13.6 

93.2 

12.6 

102.1 

10.3 

Stroke volume, cc 

66.9 

5.44 

54.8 

8.83 

57.4 

10.12 

59.1 

9.26 

Stroke volume, % 

100 

8.1 

81.9 

16.1 

85.8 

17.6 

89.5 

15.6 

Axis, ° from horiz 

46.8 

4.65 

51.2 

5.25 

49.0 

5.39 

44.9 

6.41 


Physical work of the heart. Under the present resting conditions, a first 
estimate of the relative work done by the heart at the several periods of the 
experiment is provided by the simple product of the minute volume and the 
mean arterial blood pressure. Table 4 (line 7) shows that after six months of 
semi-starvation the physical work of the heart per minute in rest was reduced 
to half of the control value; in rehabilitation the cardiac Avork increased slorvly, 
being only 90 per cent of the control level at 1120. 

The present discussion has omitted reference to the electrocardiographic 
findings. The duration of systole, measured either as the Q-T inteival or as 
the time between the first and second heart sounds, was much prolonged by 
semi-starvation and remained long at R12. This means that the rate of the 
woik of the heait duimg actual contraction of the A’'entricles Avas CA'^en more 
greatly affected than indicated by lines 6 and 7 in table 4. The mean mechan- 
ical systole duration Avas 0.322 seconds in the control period, 0.385 at S24 and 
0.370 at R12 for the 12 men considered in table 4. Accordingly, the rate of 
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accomplishment of external work during systole at S24 can be calculated to 
be only 41 per cent as much as in the control period; the corresponding rate' 
for R12 was 67.5 per cent of the control value (see table 4, line 8). 

The figures for the work of the heart noted above do not include the kinetic 
work of imparting velocity. At the relatively slow blood velocities involved 
here, the kinetic work is onty a very small fraction of the total physical work 
and so maj’’ be neglected in approximate calculations. The calculations in 
table 4 (line 9) indicate that the kinetic work of the heart per stroke declined 
at S24 to 57.3 per cent of the control value and was still only 64.9 per cent of 
C at R12. Calculating the rate at which kinetic work was done during the 
systolic contraction, the values at S24 and at R12 were, respectively, only 47.9' 

TABLE 4 


Cardiac function in rest in the control period, after 24 weeks of semi-starvation, and after 
12 and 20 weeks of rehabilitation. Mean values for the 12 men considered in table 2. In 
calculating the total cardiac work it is assumed that kinetic work comprises 3% of the total. 


1.INE 

NO. 

ITEM 

CONTKOI. 

VAIUE 

S2i 

S12 

s20 

Abs. 

%C. 

Abs. 

%c. 

Abs. 

%C. 

1 

Cardiac output, L./min. 

3.76 

2.07 

55.2 

3.00 

80.0 

3.39 

90.4 

2 

Mean art. press., mm. Hg 

87.8 

78.0 

88.8 

85.3 

97.2 

86.8 

98.9 

3 

Mechanical systole, sec. 

0.3222 

0.385 

119.6 

0.370 

114.9 



4 

Diastolic heart voL, cc. 

621.4 

508.0 

81.7 

590.6 

95.0 

635.7 

102.3 

5 

cc, stroke/lOO cc. diast. vol. 

10.7 

lO.S 

100.9 

9.6 

89.7 

9.3 

86.9 

6 

Rel. pressure work, per stroke 

100 


72.7 


83.3 


87.2 

7 

Rel. pressure work, per minute 

100 


49.0 


77.6 


89.1 

8 

Rel. pressure work, rate in systole 

100 


41.0 


67.5 



9 

Rel. kinetic work, per stroke 

100 


57.3 


64.9 



10 

Rel. kinetic work, per minute 

100 


38.6 


60.5 



n 

Rel. kinetic work, rate in systole 

100 


47.9 


56.5 



12 

Rel. total work, per stroke 

100 


72.2 


82.7, 



13 

Rel. total work, per minute 

100 


48.7 


77.1 



14 

Rel. total work, rate in systole 

100 


41.2 


67.2 




and 56.5 per cent of the control value (table 4, line 11). Finalty, the kinetic 
work per minute at S24 and R12, respectivety, was 38.6 and 60.5 per cent of 
C (line 10). ' ’ 

■With these values it is possible to estimate the relative total physical work 
of the heart, assuming that the kinetic work is something like 3 per cent of 
the total. The resulting rvalues for total work are given in lines 12, 13 and 14 
of table 4. 

The functional state of the heart is sometimes estimated from the relation 
between stroke output and the diastolic size of the heart, on the general piin- 
ciple that the in\’'Ocation of Starling’s Law — ^increasing diastolic fiber length 
to ensure effective contraction — is an indication of developing failure. In 
table 4 (line 5) it is seen that the amount of blood ejected in s 3 ’'stole per unit 
of diastolic volume was not decreased in starvation but that in rehabilitation 
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the diastolic heart size increased out of proportion to the stroke output. The 
result is the surprising indication that the heart was relatively closer to failure 
in early rehabilitation than in starvation. Actually, as. we shall see, there 
were other indications that this was the fact. 

Circulation versus metabolism. The most important consideration in eval- 
uating the effective functions of the heart is the relation between the circula- 
tion and the metabolic requirements of the tissues. In starvation there is a 
very marked reduction in the oxygen demand. The details of the metabolism 
in this experiment will be reported elsewhere, but here we may note that, on 
the average, the total oxygen consumption per minute in rest was only 64 per 
cent as great at S24 as before starvation. The reduction in metabolic rate 
was, therefore, considerabty more than the corresponding change in either 
stroke or total heart volume. It is necessary, however, to allow for the changes 

TABLE 5 


CiTCvlaiion and metaholism in rest in the control period^ after 2^ weeks of semi-siarTaiion, and after tS and 20 weeks of 
rehahiliiaiion. Column headings; U = uprightf S « supine position. Mean values for the 12 men considered in tables 
2 and $. Braekehd values calculated as indicated in the text. 


LINE 

NO. 

ITEM 

CONTROL 

S24 

Xl2 

S20 

. u 

S 

u 

s 

U 

S 

U 

S 

1 

Blood 0: cap., cc./lOO co. 

■ 



15.97 


17.00 


19.58 

2 

Arterial Oj, cc./lOO cc. 


19.44 


15.17 


16.15 


18.60 

3 

Cardiac output, cc. Os/min. 



314 

(346) 

485 

(638) 

631 

(694) 

4 

Metabolism, co; Oa/min. 


228 

(174) 

145 

(223) 

186 

(287) 

239 

5 

Vcn. Oj return, cc./min. 


573 


201 

262 

352 

344 

455 

6 

Ven. Oi, cc./lOO cc. blood 

12.13 

13.91 

6.76 

8.81 

8.73 

10.66 

10.14 

12.20 

7 

Ditto, % of control 

100 

100 


63 

72 

77 

84 

88 

S 

Ven. Or sat., % 

59.3 

68.0 

42.3 

54,9 

51.3 

62.7 

51.8 

62.3 

g 

Ditto, % of control 

100 

100 

71 

81 

86 

92 

87 

92 

10 

“Safety ratio,” line 5/line.4 

1.66 

2.51 


1.39 

1.17 

1.89 

1.20 

1.90 

11 

“Safety ratio,” % of control 

100 

100 

48 

55 

70 

75 

72 

76 


in pulse rate and in the oxygen capacity of the blood before finally deciding 
how well the heart maintained the circulation in relation to the metabolic 
need. The essential data and calculations are summarized in table 5. 

The items of calculation in table 5 require sdme explanation. The metab- 
olism was not measured at the moment of exposure of the roentgenkjonogram 
but Avas measured separately in the supine position. The relation between 
heart volume and stroke volume remains the same in both positions according 
to Nylin (1933) but metabolism and total output of the heart are differently 
affected. In the upright (standing) position the metabolism is increased from 
15 to 20 per cent compared with the supine position, but the cardiac (minute) 
output actually falls. In a series of 11 normal persons Grollman (1928) found 
the jiverage changes in the upright position compared with the supine to be 
4-17.8 and —5.3 per cent for metabolism and cardiac output, respecthmljL 
In this laboratoiy we have obtained rather similar results, ■ using the foreign 
gas method for cardiac output, and these relations seem to' be reasonably con- 
stant. Accordingly, therefore, it is proper to correct the cardiac output to 
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the supine position or to correct the metabolism to the upright position. We 
have made both calculations. For correcting metabolism from supine to up- 
right we used the factor 1.2, i.e., 20 per cent, and for the correction of cardiac 
output from upright to supine we used the factor 1.1, or 10 per cent. These 
calculated values are indicated in brackets in lines 3 and 4 of table 5. The 
identity of procedures and calculations from period to period means that what- 
ever may be the uncertainty as to absolute values, relative comparabihty 
should be assured. 

In starvation the venous saturation declined about 25 per cent (upright 29, 
supine 19 per cent) but the oxygen content of' the venous blood fell much more 
abruptly. If we consider the amount of oxygen returned per minute to the 
heart by the venous blood, the decline amounted to 69 per cent in the upright 
position and 65 per cent in the supine position. Perhaps the most useful com- 
parison is in terms of the metabolic rate at the time. The venous (i.e., unused) 
oxj’’gen returned to the heart per minute would cover the metabolic demand 
at the same moment about twice as long in the control period as after 24 weeks 
of semi-starvation' (lines 10 and 11, table 5). At R12 this “margin of safety” 
was still only about three-quartei's as great as before starvation and there was 
little further improvement at 1120. 

The venous pressure. In the measurements of venous pressure we were 
able to get suitable control data on 12 subjects who were also resident in the 
laboratory throughout the experiment, but were maintained in a normal state 
of nutrition. Two sets of measurements, separated by an interval of five 
months, were made on the control subjects. On the first occasion the average 
venous pressure for the 12 control men was 9.7 cm. of saline; the average for 
the second occasion Avas 10.3 cm. These values agree AA’ell AA'ith other “normal” 
measurements in the literature (e.g., Burch and Soderman, 1939); Ave have 
used the mean of these 24 control measurements — 10.0 cm. — as the control 
reference. 

The summarized data are gi\'en in table 6. At the end of semi-starAmtion 
the A’^enous pressure Avas not more than half the nonnal value. It increased 
sloAAdy in the first 12 Aveeks of rehabilitation and then rose sharply to surpass 
the control level at both R16 and 1120. There Avas an indication that the 
high point Avas reached at R16 and thereafter the aA'erage tended to return 
toAA'ard the normal control leA^el but the difference betAveen RIO and R20 AA’^as 
not statistical^ significant. 

The functional significance of an abnormally Ioav venous pressure raises 
interesting but puzzling questions of both theoretical and practical types. 
For the present, hoAA'eA^er, it AA'ould seem safe to suggest, first, that a Ioav 
A-enous pressure centainly does not imply cardiac incompetence, at least on 
the right side of the heart, and, secondly, that a rising A^enous pressure maj'- be 
some indication of a relatiA'ely less perfect competence. From this vieAA'point 
it could be suggested that the heart Avas functioning less Avell in rehabilitation, 
particularly at R16 and R20, than in semi-star Action. 

The cause of the changes in A^enous pressure is not clear. In the first place, 
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it is not related to an inadequacy of total blood volume. As will be reported 
elsewhere, the total blood volume was relatively stable throughout the ’entire 
experiment, the averages for the several periods not varying outside the general 
range of 5500 to 6000 cc. There was, in starvation, a prolonged diastolic 
period so the time available for blood to enter the heart was increased. But 
at R12, when the venous pressure was still very low, the duration of diastole 
was actually somewhat less than in the control period. The significant points 
are given in lines 4, 5 and 6 of table 6. 

TABLE 6 

Venous pressure after 24 weeks of semi-starvation and after 6, 12, 16 and 20 weeks of rehabilita- 
tion. Mean values for 32 men and for 12 men as indicatea. Control value in brackets is 
the mean for measurements on two occasions in 12 comparable normal men. ^ Diastolic dura- 
tion is the difference between total cardiac cycle duration and the duration of mechanical 
systole, the latter taken to be the time between the first and second heart sounds. , 


LINE 

NO. 

NO. 

MEN 

ITEM 

CONTROL 

S21 

S5 

r12 

1 

sl6 

r20 



Ven. pressure, cm. saline 

(10.0) 


5.34 

6.27 





Yen. pressure, cm. saline 

(10.0)1 

4.751 

5.48 

6.46 

11.42 

11.00 

3 

12 

Ditto, % of control 


47.5 

54.8 

64.6 

114 

110 

4 

12 

Diastolic duration, secs. 


1.21! 


0.68 



5 

12 

Ditto, % of control 


157 


88 



6 

12 

Line 3 x line 5 x 10-^ 


75 


57 




TABLE 7 

Cardiovascular function in later rehabilitation. Mean values for 21 men except for R20 where 
the values are given for 12 men. The “oxygen pulse” {line 6) gives the cubic centimeters of 
oxygen metabolized per heart beat. The “circulatory index” {line 7) attempts to allow for 
the changing oxygen capacity of the blood as indicated in the text. 


LINE NO. 

ITEM 

c 

S24 

r12 

r20 , 

r34 

1 

Body weight, kgm. 

69.36 

52.53 

58.08 

1 

70.84 

75.79 

■" *2r 

Basal pulse rate 

54.90l 

37.48 

49.95 

58. 70; 

58.71 

3 

Systolic blood pressure, mm. Hg 

106.6 

94.5 

100.3 

104.4 

107.4 

4 

Diastolic blood pressure, mm. Hg 

69.7 

64.3 

68.8 

69.1 

71.1 

5 

Pulse pressure difference, mm. Hg 

36.9 

30.2 

31.6 

35.3 

36.3 

6 

Oxygen pulse 

4.20 

3.84 

3.64 

4.11 

4.09 

7 

Circulatory index 

209.3 

242.6 

214.9 

210.3 

199.3 


Later rehabilitation. After 20 weeks of rehabilitation the subjects dispersed 
from the laboratory and were under no dietarj’- or activity regulation. About 
three months later (R34) it was possible to reassemble 21 of the men at various 
medical centers where follow-up examinations were made. Early in the morn- 
ing, before breakfast, basal pulse rate, blood pressure and metabolism were 
measured, a blood sample was taken, and an electrocardiogram was recorded; 
this was the same general schedule used in the earlier parts of the experiment. 
These data are summarized in table 7. 
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The basal pulse rate, which at R20 slightly but definitely surpassed the 
control value, was unchanged at R34; in other words, in later rehabilitation 
the pre-starvation (control) bradycardia was less marked or it could be said 
there was a mean relative tachycardia of about four beats a minute. Sj'^stolic 
and diastolic pressures were above the control values but only to an insig- 
nificant degree. 

It was believed that comparison between the metabolism and the pulse rate 
might be useful. Such comparison is sometimes made in the form of an “oxy- 
gen pulse” calculation in which the (oxygen) metabolic rate is simply divided 
by the pulse rate, thereb}^ jdelding the amount of oxj’-gen provided per heart 
beat. This oxj’-gen pulse fell sharply from the control value in starvation, 
Avas still loAver at 1112 and seemed to be returning to normal rapidly at R20. 
At R34, howeAmr, the oxygen pulse had not continued to improve and was, 
actually, a trifle lower than at R20. For the present purpose, at least, it might 
seem better to make allowance for differences in the hemoglobin concentra- 
tion of the blood, on the general theory that this is another factor in the oxy^gen 
balance. Obviouslj’^ we may Avrite the complete equation: 

I. Metab. Rate = Stroke Vol. X Pulse Rate X 0- Cap. X (Art. Sat. — ^l^en. 
Sat.) then: 

II. hfetab.^te _ ^ ^ Sat.-Ven. Sat.) 

Pulse Rate X O 2 Cap. 

Accordingly, AA^e haA’^e calculated the values for the left side of this question 
for use as a “circulatory index”, the average values for AAdiich are given in line 
7 of table 7. This index rose sharpl 3 ’’ in semi-stai'A-ation and tended to make a 
faii’b^ rapid and complete return in the first 20 Aveeks of rehabilitation. At 
R34, hoAveAmr, the index had continued doAAmAvard.and AA^as beloAv the leA'^el 
at C. This difference betAveen R32 and C AA'as of questionable statistical sig- 
nificance, being just short of the 5 per cent leAml. 

Diet in rehahilitation and cardiovascular function. During the first 12 AA^eeks 
of rehabilitation the 32 men AA^ere divided into matched groups AAdiich AA-ere 
maintained on different leA'^els of calories, proteins and Autamins. Four groups 
of eight men each AA’ere maintained on caloric leA'els differing by 400, 800 and 
1200 calories per man-daj’’ from the group on the loAA-est rehabilitation intake; 
the latter aA^eraged 2464 Cal. Each of these caloric groups AA'as subdridded 
into matched sub-groups of four men each, one sub-group receding daily Auta- 
min pills AA’hile the other sub-group receb'^ed blank pills identical in appearance. 
Finalty, each of these sub-groups in turn was subdhdded into tAAm sections of 
tAA'o men each, the men in one section recebang a bread enriched AA'ith soj’’ bean 
. and milk proteins, AA’hile the other men receb’^ed bread of equal caloric and 
Autamin content but not fortified AA'ith extra protein. 

This factorial design of this part of the e.xperiment alloAA's the comparison of 
four caloric leA'els, all other factors being constant, for groups of eight men 
each. Further, aa'c maj" compare tAvo groups of 16 men each AA^hose regimens 
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were identical save for the fact that one group received only the vitamins in 
their food while the other group had this same diet plus supplementaiy vitamins 
corresponding to the “minimal requirements” of the U. S. Food and Drug Ad- 
ministration. The “Hexavitamin” tablets used proidded each man the following 
daily supplements: Yitamin A— 2500 International Units, thiamine — 1.0 mgm., 
riboflavin— 1.5 mgm., niacin amide — 10.0 mgm., ascorbic acid— 37.5 mgm., 
and vitamin D— 200 International Units. Finally, we may compare two 
groups of 16 men each whose (hets were calorically the same and Avhose vitamin 
intakes were identical, but whose daily protein intakes differed by 20.7 grams 
per man. 


TABLE 8 

Caloric intake and recovery in cardiovascular items in the first 12 weeks of rehabilitation. 
Means and standard deviations (S.D.) for 8 men in each group. In each case the “%Re- 
covery” is calculated from the change from. S24 after 12 weeks of rehabilitation (A R12) as 
compared with the change from the control period (C) to S24. 


ITEM 

CALOWC 

CROUP 

c 


AS24 

AS12 

%Re- 

coveo' 

M 

li 

M 

s.n. 

M 

S.P. 

M 

Basal heart rate, 

+1200 Cal. ' 

58.0 

38.0 

-20.0 

8.8 

+13.4 

6.4 

67.0 

beats per minute 

+800 Cal. 

53.8 

36.9 

-16.9 

6.2 

+11.4 

7.3 

67.5 


+400 Cal. 

56.4 

38.0 

-18.4 

4.4 

+13.1 

3.4 

71.2 


Basal diet 

52.6 

36.4 

-16.2 

5.0 

+9.8 

3.8 

60.5 

Basal arterial pulse 

+1200 Cal. 

34.6 

30.2 

-4.4 

6.7 

+3.1 

7.6 

70.5 

pressure, mm. of Hg 

+800 Cal. 

36.5 

28.9 

-7.6 

6.7 

+3.2 

6.2 

42.1 


+400 Cal, 

38.2 

30.8 

“7.4 

4.0 

+0.9 

3.1 

12.2 


Basal Diet 

37.1 

30.9 

-6.2 

8.7 

-1.4 

7.1 

-22.6 

Basal venous blood 

+1200 Cal. 

(10.0) 

4.81 

(-5.19) 


+2.12 

2.14 

(40.9) 

pressure, cm. of 

+800 Cal. 

(10.0) 

4.98 

(-5.02) 


+1.00 

1.85 

(19.9) 

saline 

+400 Cal. 

(10.0) 

4.44 

(-5.56) 


+1.81 

1.86 

(32.5) 

- 

Basal Diet 

(10.0) 

4.99 

(-5.01) 

, 

+0.94 

2.15 

(18.7) 


The effects of the differences in caloric intakes in rehabilitation are the most 
clear and interesting. As we should expect, the body weight gains system- 
atically reflect the caloric differences, but the several items of cardiovascular 
ffmction show variable responses. Several items are summarized in table S. 
The basal heart rate increased to much the same extent regardless of the caloric 
level in rehabilitation. The blood hemoglobin concentration was similarly" 
relatively independent of the caloric level in rehabilitation. In contrast, the 
systolic arterial pressure and the basal pulse pressure changed in close relation 
to the caloiic level of the diet. Finally, the “recover^''” in venous blood pressure 
was greatest in the highest caloric group and least in the group on the basal 
diet, but the intermediate sequence was irregular. 

A 0 deal and consistent effects from the vitamin or protein supplementation 
appear on detailed analysis. Some of the items are summarized in table 9. 
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More significant results might be expected from such supplements at low or 
high caloric intakes in rehabilitation; e.g., vitamins might be useful, or vice 
versa, at particular caloric intakes. If such relations exist, they are not readily 
demonstrated with the small numbers available for comparison in the sub- 
groups here. 

Peripheral circulation. In the literature on starvation there are constant 
references to the coldness of the skin and the subjective complaint of coldness 
and cold intolerance. These phenomena Avere prominent in the Minnesota 
Experiment but it might be questioned Avhether these are to be referred to 
circulatory or metabolic deficiency. Slight but unmistakable cyanosis of 
the nail beds A\'as seen in all men in rest at one time, or another in the semi- 
starvation period. In the period S16 to S24 C3mnosis AA^as constant in 27 of the 
32 men. The cj'^anosis AA’as not increased in exercise and Avas not severe at any 
time; it disappeared in the first few Aveeks of rehabilitation. There AA'ere some 

TABLE 9 

Effects of vitamin and of protein supplementation on recovery in some cardiovascular items. 
Mean values for the percentage of the changes in semi-starvation restored in the first 12 iceeks 
of rehahilitation. U = no protein supplement, Y = with protein supplement. H = with 
vitamin supplement, P — no vitamin supplement. 


ITEM 

8 MAN GROUPS 1 

1 

16 HAN GKOUPS 

UH 

UP 

YH 

YP 

u 

Y 

H 

P 

Basal pulse rate 

79.0 

59.2 

74.0 

66.5 

69.1 

70.3 

76.5 

62.9 

Basal systolic pressure 

32.9 

63.7 

19.1 

46.3 

48.3 

32.7 

26.0 

55.0 

Basal pulse pressure 

27.4 

52.4 

12.2 

-26.2 

39.9 

7.0 

19.8 

13.1 

Basal venous pressure 

20.1 

31.3 

29.8 

32.1 

25.7 

1 31.0 

25.0 

31.7 


complaints that the extremities AA'ould “go to sleep” frequentlj'’ but this AA'as 
neither a marked nor a consistent finding. The general appearance AA^as of a 
moderate deficiency in the peripheral circulation. 

Other indications of the circulatory state. The edema Avhich deA'eloped in 28 
out of 32 of these men cannot Avell be ascribed to cardiac failure in AueAA^ of the 
loAV A^enous pressure and the absence of other indications (cf. Kej'’s et ah, 1946). 
There AA’ere no complaints of palpitation, tachj’^cardia, dj'^spnea or pre-cordial 
disti’ess in the starA^alion period or in early rehabilitation. The circulatory 
findings in AA’ork cannot be discussed here but, in general, they did not indicate 
anj’^ special cardiac or circulatoiy defect out of proportion to the capacity of 
the Amluntaiy muscles. 

Complaints of dizziness and “blackout” on rising suddenly AA’ere common 
after the first feAA’ AA’eeks of semi-starA'ation and the men soon learned to be 
cautious on this score. Fainting is A’^ery frequentl}’’ seen in starAung people in 
natural famine (Zimmer el al., 1944). SloAA’er adjustments to altered posture 
AA’ere AA’ell maintained, hoAA’ever, as judged by tilt-table tests. 

^^'e haA’e discussed the bradj'^cardia of starA’^ation elseAA'here (Simonson, Hen- 
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schel and Keys, 1947). Without recourse to teleological argument, this brady- 
cardia can be considered a valuable and protective adaptation. It is sigmficant 
that the rate at which cardiac contraction work was done at S24 is 41 per cent of 
the control, but that the cardiac output was only reduced to 55 per cent. Marked: 
bradycardia has been noted in practically all reports on semi-starvation but the- 
present values are unusually low. The somewhat liigher rates in the literature 
undoubtedly reflect the fact that less perfect relaxation was attained. 

Discussion. T/ie heart size. English and Anrerican textbooks of physiologj^, 
insofar as they make any reference to the effects of starvation on the heart, 
consistently state that the heart tissues are veiy little affected (e.g., Bard, p. 
789, 1941; Best and Taylor, p. 1022, 1943; Evans, p. 765, 1945; Fulton, p. 1112, 
1946; Parsons, p. 96, 1939; Roaf, p. 586, 1936; Wright, p. 764, 1940; Zoethout 
and Tuttle, p. 404, 1943). A bar diagram showing the percentage weight 
losses of the several organs is frequently employed. Apparently tliis bar 
diagram was first employed by Waller (1896, p. 256) to depict the data from a 
single starved cat reported by C. Voit (1866), in which the heart weight was 
only 2.6 per cent smaller than that of a single “control” animal. C. Voit (1894) 
later obtained quite a different finding in starved dogs. 

The idea that the heart is safeguarded against starvation effects can be 
traced to Foster (1895) who “interpreted” Voit’s earlier data. There has been 
confusion between C. Voit and E. Voit. The latter reported, in 1905, some 
results indicating a 16 per cent loss in heart weight in a starvation experiment; 
Starling referred to E. Voit in liis first edition (1912) but in more recent editions 
C. Voit (1866) has been substituted. Bard (1941) cites E. Voit instead of 
C. Voit. C. Voit himself placed no emphasis whatever on the singularity of 
the heart weight in his one cat; moreover he cited and apparently accepted the 
work of Chossat (1843) who carried out many starvation experiments and 
found an average loss of 44.8 per cent of the heart weight while the voluntary 
muscles lost 42.3 per cent. 

A veiy long series of careful studies all agree that the heart undergoes ex- 
tensive atrophj'^ and degeneration in stan’^ed rats, rabbits, dogs, guinea pigs, 
clnckens, crows, pigeons, man and cats. As for the latter, Sedhnair (1899) 
found losses of 44 to 55 per cent in the heart weight in starvation. References 
to many other concurring papers are given by Morgulis (1923) and Jackson 
(1925). 

In starved human beings autopsy data provide convincing proof that starva- 
tion results in a reduction in cardiac tissue which at least approaches the pro- 
portions of the general loss of body weight. The detailed report on 459 con- 
secutive autopsies of famine victims in India (Porter, 1889) shows a reduction 
in heart size of the same order of magnitude as the loss in total body weight. 
The analysis of heart Aveights in 1534 autopsies by Bean and Baker (1919) also 
shows a veiy marked reduction in cardiac tissue more or less in proportion to 
the degree of emaciation of the rest of the body. In 571 autopsies on children 
the reduction in heart size was considered to be nearly in proportion to that of 
the Avhole body (Bovaird and Nicoll, 1906). Krieger’s (1920) findings in 123 
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autopsies of emaciated patients indicate estimated weight losses for the heart 
of 18 to 45 per cent when the body weight losses amounted to 35 to 48 per cent; 
on the average the ratio of percentage of heart weight loss to percentage of 
body weight loss was 30:41 or about 0.75. 

In the Minnesota Experiment we only have estimations of the volume of the 
intact heart but it is clear that this overall volume diminished by something 
like 20 per cent. This does not necessarily mean an equivalent change in the 
bulk of the heart tissue, since the heart volume includes the blood remaining 
in the chambers at ventricular systole. The first suggestion would be that, 
since the heart in starvation is obviously weakened, the systolic ejection might 
be less complete than normal. This would mean a larger residue of blood and 
hence an underestimate of the shrink of the actual cardiac tissue. The oppos- 
ing argument that sj-'stolic ejection is unusually complete and effective would 
be difficult to entertain. 

Obviously, discussion of these points cannot settle the issue precisely with 
the evidence now at hand. We can only observe that the indicated heart 
volume changes here are roughly in agreement with the changes in heart weight 
versus body weight observed by others at autopsy (e.g., Kriegfer, 1920). Fur- 
thermore, while the present data may have underestimated the shrink of cardiac 
tissues, it is not conceivable that the change may have been overestimated to 
any significant degree. 

Starvation versus rehabilitation. We have remarked on some indications 
that the cardiovascular function was perhaps less effective or had a smaller 
reserve in the rehabilitation period than in the starvation period. During 
semi-starvation it was observed that the men frequently stopped physical 
effort with complaints of weakness or fatigue but seldom complained of being 
out of breath or otherwise suggested respiratorj’--circulatory distress. In re- 
habilitation, however, di'^spnea was a common complaint, particularlj'- in the 
period 1112 to E.20 when the most rapid weight gains were made. In this 
latter period relative tachycardia was very frequently observed both in rest 
and in work. The venous pressure rose, on the average, to a slight degree 
above our normal average but more significant was the fact that 4 out of 13 
men examined at 1114 to 1116 had venous pressures of 15 cm. of water or more. 

At the time of most rapid weight gain there was also a dramatic rise in the 
basal metabolic rate. It would be reasonable to suggest that the heart, which 
had been able to support the much lower metabolic load in late starvation and 
earty rehabilitation, tended to demonstrate its weakness when the metabolic 
demand was increased. One subject had a short spell of what appeared to be 
actual heart failure which would seem to prove the point. This case is in- 
structive. 

Subject 130 during semi-starvation had exhibited edema and his cardio- 
vascular and other responses had been no different than the other men. During 
the first 12 weeks of rehabilitation his edema abated but tended to recur occa- 
sionally like many of the other men. After R12 this subject immediately 
gorged himself and in spite of warnings continued to eat at the general level of 
7,000 to 10,000 Cal. daily. At the same time he increased his phj\sical activi- 
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ties somewhat. In two weeks he had a sudden, massive return of edema and 
complained of dyspnea. At this time it was found he had moderate edema of 
the face, extremities and the sacral region, blood pressure of 116/80, pulse 
rate 80, hemoglobin 14.2 grams per 100 cc., white count of 6,350, and a total 
plasma protein concentration of 6.3 grams per 100 cc. with a ratio of albumin to 
globulin (A/G) of 1.75. The venous pressure had risen bj^ 10 cm. of saline 
solution, the heart had sharply increased in size and the basal metabolism had 
increased more than 30 per cent in two weeks. Treatment consisted of bed 
rest, fluids limited to 1500 cc. daily, diet about 3000 Cal., and ammonium 
chloride. After a day or two diuresis began and he quickly lost ten pounds. 
All signs of heart failure were gone and he was discharged in a week. Tliis 
subject had no further difficulty. 
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SUMMARY 

1. Measurements of the heart and its function were made on 32 normal 
young men in rest before, during, and after six months of semi-starvation in 
which one-fourth of the body weight was lost. These men developed the 
typical signs associated with severe famine. 

2. During semi-starvation the heart decreased in all dimensions and assumed 
a more upright position in the chest. The total volume reduction averaged 
16 per cent and the stroke volume reduction 18 per cent. The systolic blood 
pressure fell 12 mm. and the diastolic pressure 6 mm. The venous blood pres- 
sure was not more than 50 per cent of the normal level. The heart rate aver- 
aged 37 beats per minute. There was slight cyanosis of the nail beds but no 
dj'spnea. 

3. During semi-starvation the physical work done by the heart, compared 
with the control period, averaged 72 per cent per beat, 49 per cent per minute 
and 41 per cent per unit of time in contraction. The mean oxygen saturation 
of the venous blood fell from 20 to 30 per cent and the oxygen content from 
35 to 40 per cent. The margin of safety represented by the ratio of the metabo- 
lism to the oxygen circulated in the blood fell to half the normal average. 

4. In the first 12 weeks of rehabilitation on controlled diets the heart size 
returned almost to the control level but all other characteristics showed only 
lelatively small recovery, being generallj' somewhat less than in proportion 
to the recoveiy of lost body weight. 

5. During these first 12 weeks of rehabilitation neither vitamin nor protein 
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supplementation had significant effects on the recovery of cardiovascular 
function. 

6. After 20 weeks of rehabilitation, the last eight being on unlimited diets, 
the body weight was fully restored and the total heart size was sUghtly greater 
than before starvation. But at this time the work done by the heart per min- 
ute was still about 10 per cent below the control and only about half of the 
lost margin of safety had been restored. 

7. After 32 weeks of rehabilitation, the last 20 weeks being on unlimited 
diets, the majority of cardiovascular measurements were back at the control 
level but the oxygen pulse was not completely at the former value. 

8. During the first few months of rehabilitation the stroke output per unit 
of diastolic heart volume decreased compared with both the control and the 
semi-starvation values. There Avere some other signs that the heart was closer 
to failure in early rehabilitation than in starvation. One case of congestive 
failure in rehabilitation responded promptly to conservative management. 
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Edema, commonlj'' known as famine, hunger or war edema, is an outstanding 
characteristic of persons who have undergone prolonged caloric undernutrition. 
The great loss of cellular materials, the disappearance of adipose tissue and the 
reduction of muscle tonus in starved persons make it difficult to estimate the 
magnitude of the fluid changes clinicalty. 

This paper is a report on the results of measurements of plasma volume by 
the dye method (T1824) and of the thioc 3 ''anate space, as an estimate of extra- 
cellular fluid, in men who were experimental^'^ brought to a severe state of under- 
nutrition and then rehabilitated. Thirty-two normal j^oung men subsisted on 
a European type of famine diet for 24 weeks during which time the}' lost an 
average of about one-fourth of their body weight. Thereafter they were main- 
tained on restricted rehabilitation diets for 12 weeks and then allowed to eat 
■•at will. Observations in the rehabilitation phase of the experiment were' con- 
tinued for a year after the end of the semi-starvation; at- the time of the final 
observations these men were fully restored to their pre-starvation state with 
regard to all of the many functions and characteristics tested. 

After about 8 weeks on the famine regimen a few of the subjects showed signs 
of clinical edema and as the semi-stai'vation continued the frequency and severity 
of the edema cases increased. By 24 weeks 28 out of the 32 men had exhibited 
edema, although in some instances the edema appeared to fluctuate. Grading 
the edema on a total scale of 0 to 4-f-, the majority of the men were graded 
1+ (minimal pitting edema of the shins), 7 to 10 (depending on the observer 
and the occasion) were graded 2-}-, and 2 men were graded 3-1- ; none of the men 
was graded 4-1- (general anasarca with ascites) at any time. Besides the edema, 
these men exhibited the typical signs of severe starvation as seen in European, 
famine and in the German concentration camps — ^^veakness, anemia, depression, 
polyuria, bradycardia, lowered metabolism and cold intolerance. Further 

The work described in this paper was initiated under sponsorship of the Brethren Ser- 
vice Committee, Elgin, Illinois, the Service Comnuttee of the Society of Friends, Philadel- 
phia, the Mennonites Central Committee, Akron, Pennsylvania, the John and Mary R. 
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Dairy Council, operating on behalf of the American Dairy Association, Chicago, and the 
Home Missions’ Board of the Unitarian Societj*, Boston. Later, this work was supported, 
in part, under the terms of a contract, recommended by the Committee on Medical Re- 
search, between the Regents of the University of Minnesota and the Office of Scientific 
Research and Development. During the later stages of rehabilitation this contract was 
transferred to the Office of the Surgeon General, U. S. Armj'. 

170 



PLASMA VOLUME AND THIOCYANATE SPACE IN FAMINE EDEMA 171 

details are provided in separate papers dealing with other aspects of the Min- 
nesota Experiment (Keys et al., 1947; Brozek el at, 1947 ; Simonson el al., 1947). 

Methods. The plasma volume was estimated at regular intervals by the dye 
dilution (T1824) method described by Gibson and Evans (1937) and Gibson 
and Evelyn (1938). The estimates were made in the basal state in the morning 
and were in all cases preceded by a minimum of two hours of inactivity and one- 
half hour of supine rest. During most of the testing periods, the estimates 
were done in duplicate four to seven days apart so as to gauge the reliability 
of the results. All blood samples — the dye-free, and the 20, 30, and 40 minute 
post-injection samples — ^^Yere drawn in oiled syringes and 20 gauge needles with a 
minimum of stasis from the antecubital veins, and the blood was immediately 
delivered into paraffined centrifuge tubes containing approximately 2 mgm. 
of heparin. Hematocrit values were determined on the dye-free and the 20- 
minute dyed samples. The theoretical L values were deteiTnined by plotting 
the corrected L values against time and extrapolating back to zero (dye injection) 
time. 

In the tests at 24 weeks of semi-starvation and at all the rehabilitation periods, 
thiocyanate space was estimated simultaneously with the plasma volume by 
using an injection mixture of the blue dye (T1824) and sodium thiocyanate. 
The injection mixture contained per 10 cc. (the volume injected) approximately 
10 mgm. of T1824 and 500 mgm. of sodium thiocyanate. The absolute con- 
centration of T1824 and sodium thiocyanate was accurately determined for 
each batch of injection mixtures. Blood samples for the thiocyanate space 
determinations were taken before and at 10, 20, 30, 40, and 50 minutes aft^r 
the injection of the T 1824- thiocyanate mixture. The basal and the 20 , 30, 
and 40 minute post-injection blood samples were the same ones that were used 
for the plasma volume estimations. The determination of the concentration 
of the sodium thiocyanate in the plasma samples and the calculation of the 
thiocyanate space were made according to the procedure of Bowler (1944). 
This method was modified so that the intensity of the color in the final solution 
was determined by means of the Evelyn photoelectric colorimeter with a 440 
mju filter. 

All the post-injection plasma samples ivere corrected for the amount of thio- 
cyanate-like material that was present in the basal sample. The concentration 
of thiocj^anate in the five post- injection samples was plotted against time. If 
a distinct break occurred in the disappearance curve, that point was taken as 
the equilibrium concentration of thiocyanate in the bodj'^ fluids and was used 
in the calculation of the thiocyanate space. In the cases where no distinct 
break occurred in the disappearance cunm the mean of the equilibrium times 
for the other subjects in the same group was arbitrarily used. The thiocyanate 
space was calculated as liters of extracellular fluid and as per cent of the body 
weight. No correction was made for the thiocyanate that may have entered 
the red blood cells. 

Results. Plasina volume. The principal results for the plasma volumes 
in the control and semi-starvation periods, and through the eleventh week of 
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rehabilitation, are summarized in table 1. The total plasma volume in liters 
at any one time will be referred to as the absolute plasma volume whereas the 
volume in cubic centimeters per kilogram of body weight will be called the rela- 
tive plasma volume. 

Two independent trials during the control, (pre -starvation) period gave 
absolute plasma volume averages of 3.130 and 3.165 liters, or relative plasma 
volumes of 45.01 and 45.57 cc. per kgm. The relative plasma volume continued 
to rise during semi-starvation until after 24 weeks of semi-starvation (S24), 
when the body weight had decreased about 24 per cent, the relative plasma 
volume was 41.7 per cent greater than in the normal (control) state; whereas 
the absolute plasma volume at this time had increased only 8.9 per cent. The 
total blood volume at S24 had decreased bj'^ 8.6 per cent, reflecting the 21.0- 
per cent decrease in the hematocrit value and the considerable degree of anemia 
that had developed. There was, actuallj'', very little overlapping of the ranges 
of relative plasma volumes at the control period and S24; the ranges were 35.3 
to 55.9 and 49.9 to 81.9 cc. per kgm., respectively. 

TABLE 1 

Total and relative plasina volumes in liters and cxihic centimeters per kilogram of body weight, 
respectively, and hematocrits taken on two occasions in the control period, at IS (SIS) and 
SJj. {SS4) weeks of semistarvation and S (R5) and 11 (Rll) weeks of rehabilitation. Mean 
rvalues for the numbers of men indicated. 


PERIOD 



S12 

S24 

rS ’ 

Ell 

Number of men 

1 

32 

30 

18 

32 

14 

16 

Wftiphf. Icgm ^ 

09.54 

69.45 

58.90 

53.45 

54.49 

57.95 


3.130 

3.165 

3.176 

3.410 

3.232 

3.090 


45.01 

45.57 

! 63.92 

i 63.80 

j 59.31 

' 53.32 

TTpmfl.tnnrit % 

46.29 

46.68 

39.85 

36.60 

38.16 

39.51 



The first few weeks of restricted rehabilitation were accompanied by a slight 
decrease in the relative hydremia. At 11 weeks of rehabilitation (Rll) the 
body weight was still 16.7 per cent below the control weight, but the absolute 
plasma volume was back to the pre-starvation value. At Rll the mean relative 
plasma volume was 18.4 per cent above the previous control value, that is, about 
the same as at S12 when the body weight was also veiy similar. 

Later rehabilitation data were obtained on only a few of the subjects. A 
clear idea of the relative hydremia in the later stages of rehabilitation can, how- 
ever, be obtained from four subjects on whom more complete data are available 
for 19, 35, and 55 weeks of rehabilitation. The data are summarized in table 
2. The decrease of the relative plasma volume from the twelfth to the nine- 
teenth week of rehabilitation was rapid. Although the averages of the four 
men for both the absolute and relative plasma volumes were within normal limits 
from R19 through R55, some of the subjects in this group showed marked devia- 
tions from the averages. 

Thiocyanate space. Measurements of the thiocjmnate space were made at 
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the end of semi-starvation (S24) and at various times during rehabilitation. For 
an estimate of the pre-starvation values, control measurements were made 
on 21 normal young men who resided with the starvation subjects, but who 
Avere in a normal state of nutrition. The data for the semi-starvation and 
control groups are summarized in table 3. 

TABLE 2 


Total and relative plasma volumes in liters and cubic centimeters per kilogram of body weight, 
respectively, for l^ subjects at control, 24 weeks of semi-starvation iS24) and 11 {Rll), 19 
{R19), 33 (R33) and S5 {R5B) weeks of rehabilitation. 



CONTROL 


Rll 

k19 

r35 

S55 

SUBJECT NO. 

liters 

CC./ 

bgm. 

liters 

CC./ 

kgm. 

liters 

CC./ 

kgm. 

liters 

CC./ 

kgm. 

liters 

CC./ 

kgm. 

liters 

CC./ 

kgm. 

2 


46.5 


74.2 


72.3 

3.183 

42.4 

3.536 

45.3 

3.612 

50.4 

109 



3.938 

66.8 

3.442 

53.4 

3.343 


3.314 

42.3 


37.8 

112 

2.7S4 

44.9 

2.835 

54.1 


49.8 


46.1 

2.786 

41.5 

2.929 

44.3 

130 



4.349 

81.9 

3.472 

62.6 


43.3 


(41.2)* 


80.9 

Mean... 

3.214 

45.4 

3.843 

69.3 

3.560 

59.5 

3.182 

43.7 

3.184 

42.6 

3.121 

43.4 


* Calculated by the missing data formula. 


TABLE 3 


The thiocyanate space at 24 weeks of semi-starvation (.S24), 5 (RS), 11 (Rll), 19 (R19) and 
35-55 (Jt35-55) weeks of rehabilitation. The control data are for a comparable group of 21 
young men who were on an adequate diet. 


iTEir 

CONTROL 

1 s24 

Rll 

e19 

R35-5S 

Mean SCN space % body wfc 

23.50 


30.53 

23.75 

23.51 

Max. SCN space % body wt 

26.3 


■ 34.3 

25.8 

26.1 

Min. SCN space % body wt 

20.2 

30.3 

25.9 

i 22.3 

21.3 

S.D. ± SCN space % body wt 

1.65 

2.84 

2.37 

1.29 

1.43 

Total liters of SCN space 

17.13 

17.88 

17.93 

16.88 

17.06 

Number of cases 

21 

17 

16 

7 

13 


The average thiocyanate space in the control group was 17.13 liters or 23.50 
per cent of the body weight, with a rather narrow range of 20.2 to 26.3 per cent 
and a S. D. = db 1.65. Near the end of the semi-starvation period the thio- 
cyanate space averaged 33.98 per cent of the body weight, range 30.3 to 38.7, 
S. D. = ± 2.84. There ivas, houwer, only a relative increase in the body 
h}’’dration; actuall}'' the total absolute thiocyanate space remained remarkably 
constant throughout the entire experiment (table 3). After 11 u^eeks of 
restricted refeeding the thiocyanate space, as per cent of the body iveight, 
decreased to 30.53 per cent; a decrease of about 10 per cent from the S24 high. 
With the institution of the unrestricted diet after 1112 the thiocyanate space 
rapidly returned to the normal level. 
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The abnormality of the relative hydration in semi-starvation is best indicated 
by calculations of the thiocyanante space which is in excess of the normal pro- 
portion; this was taken to be 23.5 per cent of the body weight. If F is the frac- 
tion of the body designated by the thiocyanate space, and W is the body weight, 
then the excess hydration {E) in semi-starvation would be estimated as; 

(1) E = FW - 0.235ty 

This calculation, however, neglects the fact that the mineral mass of the 
skeleton, which makes up about 4 per cent of the body weight, is substantially 
unchanged in semi-starvation. A more accurate formulation would then be: 
(2) E = FW — 0.235 (TF— 0.04TFo), where Wo is the body weight before starva- 
tion. 

Equation (2) applied to the average data for S24, Rll and R19 yielded the 
results summarized in table 4. At the end of semi-starvation the subjects had 
in their bodies an average of 6.25 liters (13.8 lbs.) of excess extracellular fluid. 
The major portion of the excess hydration persisted through the first 11 weeks 
of restricted rehabilitation but had almost entirety disappeared at RIO. 

TABLE 4 


Average excess hydration in liters and per cent of body weight at the end of semi-starvation 
{S24), 11 {Rll) and 19 {R19) weeks of rehabilitation. These estimates refer solely to extra- 
cellular fluid. 


ITEM 

S24 

sn 

r19 

Excess SCN space, liters 

6.25 

4.72 

7.03 

0.17 

Excess SCN space, % Avt 

10.48 

0.25 



Thiocyanate space and clinical edema. The relation between thiocyanate 
space and the total mass of the body, or the mass of the body less thiocyanate 
space, is a measure of the extracellular hydration. In a normal state of health 
and nutrition the percentage of the total body weight represented by the thio- 
cyanate space in young men was found to be relativel}'^ constant in 21 cases; 
as we have noted, the mean was 23.50, S. D. = d=1.65; in 13 determinations 
in the starvation subjects after complete recoveiy, the mean Avas 23.51 per cent. 
The high degree of constancy of these results suggests that it should be feasible, 
in these young men, to consider the amount of thioc 3 '^anate space in excess of 
23.5 per cent of the bodj’’ Aveight as relative edema; in the present subjects the 
calculations indicate that at the end of semi-starvation (S24), 10.48 per cent of 
the bodj'^ AA^eight Avas “thiocyanate edema fluid.” 

In 18 subjects clinical estimates of edema Avere made by seA^eral observers 
at about the same time as the thiocyanate space AA^as measured in them. The 
relation betAA’een the clinical estimates and the “thioc3’’anate edema fluid” is 
giA^en in table 5. On the aA'^erage the difference betAA’een the subjects aaRo Avere 
clinically edema-free and those aaRo AA-ere graded edema 2-1- and 3-]- corresponded 
to the difference between 7.8 per cent and 12.2 per cent of the bodj’’ AA'eight as 
excess thiocj’^anate space or thiocyanate edema fluid. This corresponds to an 
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average of about 2.3 kgm. (5.1 lbs.) of fluid as the difference between very marked 
edema and no recognizable edema. Equally interesting is the fact that in these 
men clinical edema could not be recognized until about 10 per cent of the body 
weight was made up of excess thiocyanate space. 

Clinical character of the edema. We have already remarked on the general 
severity of the edema produced in this experiment but some further details are 
of interest. The edema was of the soft, dependent type as is generally the case 
with the edema seen in famine areas. In most of the men it was limited to the 
face and lower legs; in some cases one or both eyes would be almost swollen 
shut in the morning when they woke up; later in the day the feet and ankles 
would swell as the facial pufhness diminished. Repeated examinations failed 
to reveal any signs of either ascites or hydrothorax at any time; this again is 
similar to “natural” famine edema where accumulations of fluid in the body 
cavities is not common except in the presence of other complications. 

TABLE 5 

Relation between clinical edema and the percentage of the body weight represented by “thiocya- 
nate edema fluid," i.e., thiocyanate space in excess of S3. 5 per cent of the weight. The mean 
values tabulated are for the thiocyanate edema fluid as a percentage of the body 
weight. “No." is the number of men in'the group. 


EDEMA-FREE 

EDEMA 1+ < 

EDEMA 2+ TO 3+ 

No. 

Mean | 

Range 

No. 

Mean 

' Range j 

No. 

Mean 

Range 

6 

7.8 

6. 7-8.0 

1 

7 1 

10.9 

7.6-15.2 ; 

' ^ 

12.2 

8.2-14.6 


Some of the subjects developed accumulations of fluid in the knee joints; 
in several cases this was enough to be troublesome in walking. Systematic 
examinations, toward the end of the semi-starvation period revealed a “floating” 
patella in 16 of the men (50 per cent). Excluding the 4 men who showed no 
clinical edema at any time, the incidence of definite edema of the knee joint was 
57 per cent. In view of the rather moderate degree of general edema in these 
men this seems to be an unusually high percentage. 

In rehabilitation clinical edema tended to disappear rather rapidly and, except 
for puffy eyes in the morning and occasional brief episodes, was gone after 6 
weeks. lATien unlimited feeding was resumed after 12 weeks several men had 
brief recurrences of edema; unfortunately the body fluids were not estimated in 
these individuals during these episodes. 

Intravascular versus exlravascular hydration. When calculated per unit of 
body weight, the mean plasma volume and thiocyanate space rose in semi- 
starvation to veiy much the same extent — 41.7 and 44.6 per cent, respectively. 
The question then arises as to the correlation between the relative h 3 ’-dration 
of blood and the tissues. Since the thiocyanate space includes the plasma, it 
is necessaiy to subtract the plasma volume from the extravascular fluid space 
(thiocyanate space) if the two distinct body compartments are to be compared. 

The correlations for the individual data summarized in tables 1 and 3 have 
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been made. For 34 pairs of observations made on subjects in the normal nutri- 
tional state, the coefficient of correlation between the plasma volume and the 
extravascular fluid volume, both expressed in cubic centimeters per kilogram 
of body weight, was -}-0.421. The coefficient of correlation vms -1-0.215 for 
the 17 pairs of observations at S24. For the entire data of 85 pairs of observa- 
tions, including controls, semi-starvation and rehabilitation, the coefficient of 
correlation was 4-0.706; the correlation surface is given in figure 1. 
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Fig. 1. The correlation between plasma volume and extracellular fluid volume, both 
expressed in cubic centimeters per kilogram of body weight, for S5 pairs of observations 
including control, semi-starvation and rehabilitation values. 

Discussion. Analyses of the bodies of starved animals uniformly show a 
relative increase in h 3 ’-dration but there have been few serious attempts to e.x- 
amine the phenomenon further. The fact itself was amplj'^ documented 40 
jmars ago (cf. Morgulis, 1923). Experimental demonstrations of the production 
of edema by protein deficiency and the finding of hj’^poproteinemia in cases of 
famine edema in the Orient led to the general belief that famine edema is simply 
a manifestation of a low colloid osmotic pressure in the plasma. It now appears 
that, though this mechanism may plaj”- a role, the edema of simple starvation 
is not due solely to this change (Keys et al., 1946). 

Certainlj’^ famine edema can appear without an}"^ marked lij’-poprotcinemia 
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or even hypo-albuminemia and the severity of the edema does not bear any 
clear relation to the concentration of proteins in the plasma (e.g., Jansen, 1920; 
Youmans et al, 1932; Kostyal, 1935; Jimenez Diaz et al, 1942; Gounelle et al, 
1942; Warembourg et al., 1942; Nicaud et al., 1942; Morgan et al., 1946). In 
the Minnesota Experiment the plasma protein, concentration in starvation fell, 
on the average, only 0.73 gram per 100 cc. and the ratio of albumin to globulin 
was even less affected. Relative congestive heart failure was ruled out by the 
fact that the venous pressure did not rise but actually fell to the low average of 
4.8 cm. of saline. The absence of any loss of capillary impermeability to col- 
loids was shown by the fact that the edema fluid, obtained by direct drainage, 
contained extremely little protein — ^less than 0.2 gram per 100 cc. 

Whenever people subsist in a grossly negative caloric balance and undergo 
a rapid and large loss of body tissue, edema appears. A second basic fact is 
strongly indicated by the present results. The edema tends to be the expression 
of only a relatively excessive hydration. The absolute thiocyanate space re- 
mains remarkably constant and the “blame” for the edema might equally well 
be placed on the wasting away of the cellular elements of the body. Both the 
plasma and the extravascular fluid tend to maintain their absolute volumes at 
the pre-starvation levels. 

The question might be asked: What mechanism is there which would operate 
to cause the fluid mass of the body to shrink in proportion to the cellular ele- 
ments? In other words, why should we expect that there would not be a rise 
in the relative proportion of fluid? We may conceive of the normal (pre-starva- 
tion) relation between fluid and tissue in the body to have been established by 
growth and development in a normal architecture of fixed structures and elastic 
forces. The diminution of the cells does not necessarily reduce the space avail- 
able for fluid; indeed, elastic hindrances to expansion of that space should be 
reduced. 

There are few data in the literature on starvation which bear directly on the 
present results. In 5 moderately underweight persons Perera (1946) reported 
a mean plasma volume which was 17.5 per cent above the normal average when 
calculated per square meter of body surface but when the data were expressed 
in cubic centimeters per kilogram of body weight the excess amounted to only 5 
per cent. More useful data were obtained by Mollison (1946) on 6 males and 9 
females studied at the Belsen prison camp at the time of liberation (table 6). 
Edema classified as Ifl- to 3-f was present in 4 of the males and 5 of the females. 
The plasma volume averaged 64.1 cc. per kgm. of body weight at the time of 
examination. This may be compared vdth our average of 63.80 cc. per kgm. of 
body weight for 32 men after 23 weeks of semi-starvation. It Mil be noted that 
our average before starvation was 45.01 cc. per kgm. and this is exactly the same 
as Gregersen’s (1944) normal average. 

hlollison’s data are incomplete regarding weight loss; 4 of his patients were 
included in a group of 1 1 Belsen inmates for whom an average weight loss of 
38.8 per cent was estimated on the basis of statements from the patients. The 
actual weight loss was probably somewhat smaller than this, since starved persons 
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invariably over-estimate their pre-starvation weights and their starvation 
losses. In any case it may be presumed that the average weight loss for the 
Belsen inmates involved in the plasma volume Avork was something between 
30 and 38 per cent. It is interesting to attempt the calculation of weight loss 
for the Belsen males from the plasma volume data. Assuming the absolute 
plasma volume was substantially constant and had amounted to 45 cc. per kgm. 
of body weight before starvation, the pre-starvation weight of the men would be 
estimated to have averaged 64.5 kgm. This indicates a loss of 22 kgm. or 34.1 
pev cent of the original body weight. 

There are no data in the literature on the thiocyanate space in famine victims 
and we have been unable to discover any efforts in this direction in extensive 
correspondence and personal contacts with workers in the field. 

TABLE 6 

Body weights in kilograms, plasma volume in liters and plasma volume in cubic centimeters 
per kilogram of body weight of the males and females for the total group, and for those with 
and without edema. The values were calculated from the data presented by Mollison (,1946) 
for severely starved internees at the Belsen prison camp. 



TOTAL GROUP 

WITH EDEMA 

WITHOUT EDEMA 




PI. Vol. 



PI. Vol. 



PI. Vol. 


itgm. 

tilers 

cc./ks's. 

kgm. 

liters 

ec./kgm. 

kgm. 

tilers 

ce./kgm. 

Males 

42.5 

2.90 

68.4 

42.5 

2.83 

66.4 

42.5 

3.05 

72.5 

Females.. . 

38.4 

2.22 

59.7 

42.1 

2.24 

55.3 

33.8 

2.20 

65.2 

Mean. . . 

40.5 

2.56 

64.1 

42.3 

2.54 

60.9 

38.2 

2.64 

j 68.9 


On the average, both plasma volume and thiocyanate space tend to remain 
absolutely constant in starvation. This does not mean, however, that these 
fluid compartments do not vary from time to time in starved individuals. In 
the Minnesota Experiment body weight was obtained under highly standardized 
conditions every morning on arising. Both short-time and long-period fluctua- 
tions occurred Avhich can only be interpreted as sudden changes in the fluid 
balance. An example is shown in figure 2. These shifts Avere apparently spon- 
taneous and could not be traced to alterations in activity or other changes; 
the rigid constancj’’ of the regimen in the Minnesota Experiment left small room 
for accidental changes. Similar and greater individual fluctuations in Aveight, 
presumably involving changes in the extracellular fluid, are frequently seen in 
famine Auctims and, for that matter, in all kinds of edema. 

The physical meaning of the thiocyanate space is still open to doubt. Al- 
though it is agreed that it is related to the extracellular fluid Amlume of the body, 
the question as to exact identity may be argued. LaAuetes, Bourdillon and 
Klinghoffer (1936) found thiocyanate, sucrose and inorganic sulphate are all 
distributed through approximately the same fraction of bodj’^ fluid and all shoAV 
changes in the direction predicted when measures are used to change the extra- 
cellular space. In 13 good experiments on 5 mormal men thej'^ got a range of 
20.1 to 26.1 per cent of the bodj’^ Aveight for the thiocj'anate space; this is almost 
identical Avith the results here in a normal state of nutrition. 
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Winkler, Elkington and Eisenman (1943) studied 3 dogs with injections of 
thiocyanate, CP® and Na®^ and found these to be distributed through approxi- 
mately 36, 25 and 28 per cent of the body weight, respectively. They concluded: 
“The volume of distribution of sulfocyanate is therefore not a satisfactory 
absolute measure of the volume of the extracellular fluid. Under most condi- 
tions, however, it may be a useful relative measure, i.e., changes in its volume 
of distribution may reflect changes in extracellular fluid.” But the distribution 
volume for thiocyanate they obtained is very much higher than found in normal 
man and also sharply distinct from that found in dogs by others. Mellors 



Fig. 2. Daily body weights for subject 1 during the fifth month of semi -starvation il- 
lustrating spontaneous daily weight variations. 

et al. (1942) found average thiocyanate spaces in 2 series of 9 dogs each of 25.9 
and 28.7 per cent of the body weight. 

SUMMARY 

1. Plasma volume (T-1S24) and thiocyanate space were estimated in a group 
of young men during a control period, after 6 months of semi-starvation in 
which about one-fourth of the body weight was lost, and at intervals up to one 
year during rehabilitation. Clinical edema developed in 28 out of 32 subjects 
and the clinical picture was typical of European famine. 

2. In control observations in the normal state of nutrition the plasma volume, 
in cubic centimeters per kilogram of body weight, averaged 45.01, S. D. = 
±4.00. In the same condition the thiocyanate space averaged, in per cent 
of the body weight, 23.50, S. D. = ±1.65. 
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3. The absolute amount of plasma increased slightly during semi-starvation 
but promptly returned to normal when refeeding was instituted. The absolute 
thiocyanate space remained substantially constant at all times. 

4. Relative plasma volume, in cubic centimeters per kilogram of body weight, 
increased by an average of 41.7 per cent during semi-starvation and was back 
to normal after 5 months of refeeding. 

5. Thiocyanate space, in cubic centimeters per kilogram of body weight, 
increased bj’’ an average of 44.6 per cent in semi-starvation and was substantially 
back to normal after 5 months of refeeding. 

6. In 85 pairs of observations covering the entire experiment the coefficient 
of correlation between plasma volume and extravascular fluid volume, both 
expressed as cubic centimeters per kilogram of weight, was -[-0.706. 

7. Calculation of the thiocyanate space in excess of the normal proportion 
to body weight indicated that this “thiocyanate edema” was related to clinical 
edema but that clinical edema could not be discerned until the thiocyanate 
edema amounted to more than 8 to 10 per cent of the body weight. 

8. The edema in simple caloric starvation is largely a reflection of a reduction 
in cellular mass without large change in the absolute amount of extracellular 
fluid. 
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The r61e of the sympathetic nervous system and of adrenalin in the regulation 
of muscle circulation in man is not clear. That the problem is of considerable 
physiologic and clinical interest is evident from the recent widespread use of 
sympathectomy in peripheral vascular disease. 

A great deal of information has been obtained from animal experimentation. 
According to McDowall “. . . the sympathetic constricts especially the vessels 
of the skin and intestines, while it dilates, usually, but not always, the vessels 
of the muscles and the heart” (1). Dilatation of blood vessels of the muscle by 
injection of small doses of adrenalin in animals has been reported repeatedly. 
Clark (2) and Roome (3) found a twofold effect — dilatation and constriction — of 
a single intra-arterial dose of adrenalin upon the blood flow in the skeletal muscle 
of anesthetized animals. Rein et al. (4) observed a constrictor action of adrenalin 
and of sympathetic impulses, in the anesthetized dog, if the muscle was at rest; 
in the contracting or hyperemic muscle, adrenalin injection and sympathetic 
stimulation respectively were ineffective or had a dilator effect. 

In man, Ghant and Pearson (5) concluded on the basis of intravenous injections 
of small doses that adrenalin was a true vasodilator for the muscle. Eichna and 
Wilkins (6) found that mild sympathetic stimuli produced little or no change 
in the circulation of resting human muscle. Stronger stimuli (which usually 
elevated the blood pressure) resulted in no change, in decrease, or most frequently 
in increase of blood flow of resting or hyperemic muscle. Barcroft et al. (7) 
showed that blocking the nerve supply to the human forearm with procaine 
effected an increased blood flow to the muscles. In a sympathectomized person, 
however, the nerve block had no influence upon the circulation. They concluded 
that muscle vessel's, in the human, possess sj'-mpathetic constrictor fibres and tone. 
In a recent publication, Allen, Barcroft et al. (8)^ report the results of intravenous, 
and in two cases, of intra-arterial infusion of adrenalin. The infusion of adren- 
alin into the femoral artery resulted in vasodilatation in the calf muscles. 

The available studies of sympathetic and adrenalin effects upon the circulation 
in muscle are obviously confusing. Experiments on anesthetized animals have 
been criticized as being unreliable for vascular studies. Intravenous injections 

» Part of the expense of this work was defrayed by a grant from the Martha Hall Founda- 
tion. 

- Fellow of the Baruch Committee on Physical Medicine. 

^ This paper published in December, 1946, came to our attention after our experimental 
work was nearly completed. 
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and reflex sympathetic stimulation result in a mixture of systemic cardiovascular 
adjustments which make an analysis of direct local effects hazardous. It 
appeared to us that the effect of single intra-arterial injections of adrenalin in 
man offered the best approach to this problem. 

Method. The plethysmograph of Abramson (11) was used for estimating 
blood flow. Determinations were made on the upper extremities of subjects with 
clinically normal peripheral circulation. Their age ranged from 23 to 54 years. 
Thej’’ were seated, comfortable and relaxed, with the extremity proximal to 
the plethysmograph supported by a soft pillow. In all experiments, a basal 
period of complete rest for half an hour preceded the determinations. The 
room temperature during experiments was fairly constant at 22'’C. and varied 
less than two degrees. The water temperature in the plethysmograph Avas main- 
tained between 32°C. and 34°C. ; in a few instances, it was kept between 35°C. 
and 37°G. 

The recording apparatus consisted of a tambour Avith an ink Avriter. Timing 
Avas by means of a stop-Avatch. For the forearm measurements, the hand circula- 
tion Avas excluded by placing a tourniquet 4 cm. AAude about the distal portion of 
the forearm close to its emergence from the apparatus. This remained in place 
for 25 to 30 minutes. LcAvis has shoAvn that this does not affect significantly 
measurement of forearm blood floAv. 

In .all experiments control blood floAV measurements Avere made. It Avas felt 
that variations of 20 per cent in successive blood floAV determinations could not 
be regarded as significant of change in blood floAv. Because of the type of re- 
cording device used, any marked, drop in blood floAv Avas represented in our records 
as a horizontal line Avhich in the tables is designated “0” blood floAV. This is 
not meant to indicate an absence of blood floAV. 

Intra-arterial injections Avere made into the brachial arterjq distal to the col- 
lecting cuff and close (usually less than 1 inch) to the enclosed portion of the 
forearm. Very sharp, long bevelled, 22 gauge needles Avere used. Contraiy to 
most reports the actual penetration of the arterial Avail caused little if any pain or 
discomfort. If pain Avas produced in finding the artery, it Avas slight and tran- 
sient. 

When tAvo substances Avere injected in succession, one arterial puncture AA'as 
made, the needle then being left in plaCe, and only the syringes interchanged. 
Substances injected Avere made up in normal saline Avithin seA’^eral minutes of 
use; the largest Amlume injected Avas 0.3 cc. 

The procedures carried out Avere as folloAVs: 

1. intra-arterial injection of adrenalin in the resting forearm; saline controls. 

2. Intra-arterial injection of adrenalin during reactwe hyperemia. 

3. Intra-arterial injection of adrenalin after intra-arterial injection of histamine. 

4. Simultaneous intra-arterial injection of adrenalin and histamine. 

5. Adrenalin intraAmnouslj’’, measuring — a, forearm blood floAv; — b, hand 
blood floAv. 

6. Reflex Amsoconstriction, measuring — a, forearm blood floAv; — b, hand blood 
floAV. 
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Results. 1. Intra-arterial injection of adrenalin in the resting forearm. In 
preliminaiy experiments, intra-arterial doses of 5 gamma adrenalin produced 
tremor, pallor and anxiety as well as rise in blood pressure. Doses of 2 gamma or 
less did not produce such effects although in those experiments in Avhich it was 
measured the blood pressure showed a slight to moderate rise. In no instance 
where it was measured did the blood pressure fall after any dose of adrenalin. 

Intra-arterial injection of 1-2 gamma adrenalin in six experiments on six 
subjects produced marked and immediate reduction in blood flow which was 
maintained for approximately ninety seconds and then returned gradually to 
noiTnal. In most instances records were made for more than three minutes; 
the table gives the significant figures only. The flow curves during marked 
constriction show strikingly the disappearance of pulsations. In two instances. 


TABLE 1 

Intra-arterial injection of adrenalin 


SUBJECT- 

RESTING BLOOD FLOW* 

GAMMA ADRENALIN 

BLOOD FLOW AFTER ADRENAUNt 

w. s. 

2.S 

2.0 

34 seconds :0 
■ 119 secondsiO 

A. W. 

5.4 

2.0 

47 seconds :0 

125 seconds: 3. 3 

A. M. 

1 

2.3 

2.0 

15 secondsrO 

86 seconds: 0.96 

A. A. 

1 

2.3 

1.5 i 

1 

48 seconds: 0.7 

176 Beconds:2.4 

K. H. 

I—* 

1.0 

40 seconds:0 

91 seconds: 1.6 

J. B. 

1.6 

0.5 

12 seconds: 1.8 

70 seconds: 1.4 

188 seconds: 1.5 

S. W. 

2.6 

0.5 

16 seconds:2.1 

52 seconds: 1.8 

88 seconds: 2. 5 

A. M. 

2.0 

1 

0.1 

15 seconds:2.0 

45 seconds;!. 5 

75 seconds: 1.8 

K. H. 

3.3 

0.05 

15 seconds:7.4 

45 seconds:9.1 

135 seconds:2.0 

L. G. 

1.3 

0.05 

45 seconds:4.0 

74 seconds: 1.6 
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TABLE 1 — Concluded 


SUBJECT 

SESTING BLOOD ILOW* 

CAMUA ABREKAUK 

BLOOD FLOW AFTEE ADEENALINf 

M. C. 

2.7 

0.03 

15 seconds:3.5 

75 seconds:4.0 

135 seconds:3.2 

B. S. 

1.0 

1 

0.01 

30 seconds: 5. 5 

60 second8:0.2 

150 secondsiO.S 

L. G. 

2.5 

0.002 

12 seconds:6.9 

92 Beconds:2.4 

L. G. 

2.0 

0.0002 

i 

13 seeondsiG.S 

34 seconds :4. 8 

107 seconds: 0.7 

J. N. 

1 

1 

2.4 

0.0002 

1 

15 seconds:5.4 

40 seconds: 3. 7 

179 seconds:!. 9 

L. G. ' 

2.5 

0.00002 

15 seconds:2.7 

30 seconds:3.2 


* Blood flow in cc./minVlOO grams tissue in all tables. 

t Recorded at stated time after injection. 

In all experiments observations at rest were made until three constant readings wore 
obtained. Changes in blood flow were followed at i minute intervals until the flow returned 
to resting level. Fifteen to 20 readings were needed in each instance. 

recording was made without. the collecting cuff in order to demonstrate the 
marked reduction in the volume of the forearm. 

With doses of 0.5 and 0.1 gamma in four experiments on three subjects there 
was no significant alteration in the blood flow. The variations tabulated are 
within the limits of. error of the method. 

Doses of 0.05 and 0.03 gamma increased the blood flow markedly in two in- 
stances and significantly in a third; the vasodilatation was transient. In one 
subject it was followed by a drop below the control level after 105 seconds. 

Doses of 0.01, 0.002 and 0.0002 gamma adrenalin in five experiments on three 
subjects also produced vasodilatation. Its intensity was not different from that 
of larger dilating doses. It was followed in two experiments by a definite and 
in one other by a slight vasoconstriction. 

A dose of 0.00002 gamma produced no significant change in the blood flow. 

The average increase over resting blood flow by these doses of adrenalin v as 
198 per cent, varying from a minimum of 48 per cent to a maximum of 450 per 
cent. 

It does apparently not reach the much higher levels seen by us during reactive 

liyperemia and known to occur during exercise. ^ <t'i + . 

Several facts brought out by these experiments deserve emphasis. The two 
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ievels where adrenalin is apparently or actually ineffective are at 0. 5-0.1 gamma 
and at 0.00002 gamma respectively. The vasodilator effect of adrenalin is 
maintained over a very wide range of low to extremely low concentrations. The 
constrictor action is only seen after large doses, and then within a narrow range. 
Their significance will be discussed. 

In, one subject, the effect of intra-arterial injection (brachial artery) of 0.01 
gamma of adrenalin on the hand circulation was measured. A constrictor effect 
Avas observed. 

The intra-arterial injection of 0.2 cc. saline produced no alteration in the fore- 
arm blood flow in seven subjects. 

TABLE 2 


Inira-arierial injection of adrenalin during reactive hyperemia 


SUBJECT 

TUTE or INJECTION 
AETEE EELEASE OE 
aECULATlON 

GAHMA ADRENALIN 

BLOOD ELOW: RE- 
ACTIVE nYPEREMIA 

BLOOD FLOW AFTER ADRENALIN 

s. w. 

88 seconds 

1.0 

10.6 

14 seconds; 0 

S3 seconds: 1.3 

187 seconds: 1.7 

s. w. 

78 seconds 

2.0 

13.7 

16 seconds: 0 

111 seconds: 0.84 

150 seconds: 2.0 

i 

J. B. 

55 seconds ' 

2.0 

i 

13.6 

i 

1 

31 seconds: 0 

78 seconds: 1.5 

245 seconds; 2.6 

S. M. 

39 seconds 

2.0 ' 

14.8 

15 seconds:13.0 

68 seconds: 5.6 

95 seconds: 1.8 

S. M. 

60 seconds 

2.0 

11.5 

20 seconds:11.8 

75 seconds: 4.6 

160 seconds: 3.5 


2. Intra-arlerial injecHon of adrenalin during reactive hyperemia. To deter- 
mine hoAV constrictor doses of adrenalin ivould act in presence of locally produced 
vasodilatation, a tourniquet Avas applied just distal to the collecting cuff, to 
occlude the arterial floAV, and left in place for 10 minutes.' At the end of this 
period it Avas released and a blood floAV curve immediately recorded. Adrenalin 
1—2 gamma AAas injected quickly. Table 2 shoAA's the- results of fiA^e experiments 
in AAdiich the adrenalin Avas introduced into the arterj'- Avithin 90 seconds. Pre- 
liminary experiments had shoAA'n that the peak floAA' aftei* release was reached in 
approximatelj'’ that period. 

It is to be noted that AA’hen adrenalin Avas injected close to the peak floAV (90 
sec.) the constricting effect Avas immediate and clear cut. In tu'o experi- 
ments in AA'hich injection Avas made AAuthin a minute after release of the tourni- 
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quet the blood flow dropped only gradually and not below usual resting levels. 
In a third experiment in which injection was made within one minute, a tempo- 
rary vasoconstriction was followed by a slight dilatation. 

These findings are difficult to interpret because of the number of factors in- 
volved, e.g., dosage, time of injection, effect of rate of blood flow on washing out 
and destruction of dilator substances or adrenalin. 

The results suggest, however, that adrenalin produces full vasoconstriction when 
reactive hyperemia begins to subside. While hyperemia is reaching its peak 
the constrictor effect of adrenalin is not apparent. 

3. Intra-arterial adrenalin follovnng intra-arterial histamine. In preliminaiy 
experiments 4 gamma of histamine intra-arterially produced a well marked hy- 
peremia which reached its peak in about 50 seconds and then fell off very sharply 
to approximately resting level. 


TABLE 3 


Intra-arterial injection of 1.0 gamma adrenalin after 
intra-arterial injection of 4 gamma histamine 


SUBJECT 

TIME OF INJECTION 
OF ADRENALIN* 

RESTING BLOOD 1 
FLOW 

BLOOD FLOW AFTER j 
HISTAMINEf ' 

blood FLOW AFTER ADRENALIN 

s. w. 

49 seconds 

2.8 

14 seconds: 9.0 

14 seconds:2.0 

47 seconds: 1.1 

78 seconds:2.5 

K. H. 

35 seconds 

2.7 

12 seconds:13.7 

1 

8 seconds:2.7 

45 seconds: 1.3 

79 seconds:0.8 


* After histamine injection, 
t Recorded at stated time after injection. 


Because of the equivocal results noted in the previous experiments we used 
histamine to produce local vasodilatation. It is assumed that histamine or a 
histamine-like substance is one of the factors responsible for exercise hyperemia 
of muscle (9). Exercise was not used because clenching the hand with the 
plethysmograph attached to the forearm was attended by technical difficulties. 

Table 3 shows that a constrictor effect was produced by adrenalin. The in- 
jections were made close to the time of peak flow produced bj"^ the histamine 
and the first blood flow determinations Avere recorded at a time when hyperemia 
is expected to be subsiding spontaneously. 

4. Intra-arterial injection of a mixUire of adrenalin and histamine. The reasons 
for adopting this step are obvious from the foregoing. 

On three different occasions, in a single subject, increasing doses of adrenalin 
were mixed Avith a constant dose of histamine and the mixture injected intra- 
arterially. 

The results are unequumcal; adrenalin CAmn in dosage four times larger tlian 
necessary to produce a constrictor effect in resting muscle cannot overcome the 
dilator effect of the minimal effecti\'e dose of histamine. 
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The constrictor effect of the adrenalin, however, becomes manifest with the 
larger doses (2 and 4 gamma) after the histamine hyperemia has passed, indicat- 
ing that the adrenalin was not altered by mixing with the histamine. 

An interesting point in connection with these experiments is that in this sub- 
ject the 4 gamma dose of adrenalin (mixed with histamine) produced no systemic 
effects. According to previous experience such a dose of adrenalin alone would 
produce pallor and tachycardia. 

5. Intravenous adrenalin measuring forearm blood flow and hand blood flow. 
In sLx experiments our results confirmed the observations of previous observers 
(Grant and Pearson (5)-, Eichna and Wilkins (6); Barcroft et al. (7)) that intra- 
venous administration of adrenalin in doses of the order of 1 to 2 gamma pro- 
duced transient vasodilatation in the forearm circulation and constriction in the 
hand circulation without significant alteration in the blood pressure. 

TABLE 4 


Simultaneous intra-arterial injection oj adrenalin and histamine 


SUBJECT 

GAirUA ADRENALIN 

GAMMA HISTAMINE 

RESTING BLOOD FLOW 

1 

BLOOD FLOW AFTER INJECTION 

K. H. 

1.0 

4.0 

i 

[ 2.5 

5 seconds:8.S 

18 seconds;5.0 

108 seconds: 2. 6 

K. H. 

2.0 

i 

4.0 

3.1 

5 seoonds:6.2 

80 seconds: 0.6 

110 seconds:2.0 

K. H. 

4.0 1 

4.0 

3.6 

{ 

5 seconds: 7. 5 

20 seconds :0 

50 seconds’. 1.3 

110 seconds: 3. 2 


6. Reflex cold on forearm blood flow and hand blood flmo. Immersing the free 
hand momentarily in ice water produced uniformly in three subjects an im- 
mediate diminution in blood flow in the contra-lateral hand — a well known phe- 
nomenon. 

In the same subjects tile same procedure produced no significant change in 
the forearm blood flow. 

In two subjects we attempted to determine the effect on the forearm circulation 
of prolonged (twenty minutes) exposure of the legs to water of 50°F. The results 
were equivocal. 

Discussion. The forearm blood flow in man represents muscle circulation 
because of the preponderance of muscle to skin (4-5 to 1). It is safe to say that 
the direction of change of blood flow in the forearm is determined by what hap- 
pens to the muscle circulation. 

Our results leave no doubt that depending on the dosage, adrenalin may pro- 
duce cither constriction or dilatation in the circulation of the skeletal muscles in 
man. 
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Constriction is caused only by relatively large doses of adrenalin. The range 
of the constrictor action of intra-arterially injected adrenalin is very narrow. 
Doses of about 5 gamma give rise to systemic cardiovascular reactions, 1-2 
gamma have an apparently pure local constrictor effect and 0.5 gamma is seem- 
ingly ineffective. Moreover, in presence of an effective amount of histamine and 
probably also durmg development of reactive hyperemia and exercise hyperemia, 
constrictor doses of adrenalin become ineffective. 

Adrenalin produces vasodilatation in human muscle over a wide range of doses 
from low to extremely minute concentrations. The dilator action of adrenalin 
is not intense and is followed in some experiments by a constrictor effect. 

Since no reliable data exist concerning the amount of adrenalin in the circulat- 
ing blood, it is impossible to determine from our experiments whether a dilator 
(or a constrictor) effect should occur in muscle during a given situation of stress. 
This is of course also true for the effect of sympathetic impulses upon the blood 
flow of muscle in a given case. 

It appears to us, however, that dilatation must be the chief action of adrenalin 
and of sympathetic impulses upon the blood vessels of the muscle. 

The constricting and dilating effects of adrenalin on muscle blood flow can be 
considered an excitatory and inhibiting action on sympathetic effectors. This 
is, in our opinion, an erroneous interpretation. The sequence of constrictor 
action, apparent ineffectiveness, dilator action and final ineffectiveness of di- 
minishing doses of adrenalin can be understood only on the basis of independent 
constrictor and dilator mechanisms. Both are stimulated simultaneously by 
adrenalin. With large doses of adrenalin the constrictor action predominates; 
with smaller doses it balances the dilator action. At low and very low concentra- 
tions the dilator action prevails. Large differences in responsiveness of the con- 
strictor and dilator mechanism to adrenalin must be assiuned. The irregular 
appearance of constriction after dilatation in our experiments (and the observa- 
tion of dilatation in the wake of constriction by other investigators) may be the 
result of a longer maintained effect in one of the two activated mechanisms. 
Dilator action is known to occur with all doses if the constrictor mechanism is 
paraWzed by ergotamine. Whether the dilator mechanism is truly adrenergic 
is an interesting question. The cholinergic transfer of impulses in a sympathetic 
ganglion is, according to Bulbring and Burn (10), stimulated by small doses of 
adrenalin. We are studying at this time the possibilities of cholinergic dilator 
effects in human muscle and their relation to adrenalin. The effects of adrenalin 
in the sjunpathectomized muscle are also under investigation. 

It is possible to speculate, in a general way, on the significance of our findings 
and those of other observers. We may assume then that circulating adrenalin 
in very small doses (and possibly also adrenalin or sympathin within the range of 
physiologic local release) effects a constriction of blood vessels of the skin and 
splanchnic area and has a dilating action upon muscle blood vessels. The dilator 
action is not sufficient for the requirements of a contracting muscle. Hower’cr, 
a redistribution of circulating blood in favor of muscle will occur and be enhanced 
bj' an increased cardiac output. This maj' be advantageous if an emergency 
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develops requiring sudden and intense muscle action. During such an emer- 
gency, adrenalin if it reaches sufficient concentration will lose its dilator effect 
upon and finally will constrict muscle vessels. However, this will occur in in- 
active muscles only, while in the active hyperemic muscle the constrictor effect 
is vitiated. The dilator effect of locally released metabolites supervenes. Blood 
is shifted from inactive muscle groups to those in contraction. To substantiate 
this overall hypothesis and to fill in the gaps needs much further study of human 
vascular physiology. Such studies are also of clinical importance in view of the 
present tendency to perform sympathectomies rather liberally. 

SUMMARY 

1. Blood flow in the human forearm was studied by the plethysmograph 
method. 

•2. Injection .of adrenalin in doses of 1-2 gamma into the brachial artery pro- 
duces vasoconstriction. 

3. Intra-arterial doses of 0.5 to 0.1 gamma adrenalin are apparently ineffective. 

4, Doses of 0.05 to 0.0002 gamma adrenalin intra-arterially cause vasodilata- 
tion sometimes followed by vasoconstriction; 0.00002 gamma seems to be the 
threshold of vasodilator action. These observations are discussed. 

We are indebted to Louis Leiter, M.D., Chief of the Medical Division, Monte- 
fiore Hospital, for advice and criticism and to Mr. Abraham Siegel, B.S. for his 
valuable technical assistance. 
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Ihe relation of the renal enzyme, renin, to the appearance and maintenance of 
hypertension in animals and man is not as yet clear. Many attempts have been 
made to demonstrate pressor or vasoconstrictor substances in the blood of hyper- 
tensive patients and of animals ivith experimental hypertension. A recent at- 
tempt has been made by Gregory, Ewing, Levin, and Ross (1) who have 
summarized the earlier literature. Although claims for the presence of pressor 
substances have been made, results ha^m usually been negative, inconclusive, or 
not confirmed by other workers. Page (2) found that plasma from h 3 '^pertensive 
patients caused vasoconstriction in the rabbit’s ear. Plasma from normotensive 
individuals usually produced no vasoconstriction. He believed that the constric- 
tion was due to the presence of hypertensin (angiotonin) in the peripheral blood. 
Measurements by another method (3) in this laboratory have not shown demon- 
strable amounts of renin in the systemic blood of patients with chronic hyper- 
tension (4, 5), but occasionally small amounts have been detected in that of 
patients with acute hi’^pertension (6). Few deteiminations of renin have been 
made in animals during the development of experimental hypertension. Page 
(7) reported the presence of renin in the renal venous blood of hypertensive dogs 
and commented that large amounts were found in one dog early in the coui’se of 
malignant hypertension from cellophane perinephritis. Dell'Oro and Braun- 
Men^ndez (8) found renin in the systemic blood of dogs in which the blood 
pressure was rising following the application of a clamp to the renal artenes. 
Since their animals were usually uremic from malignant hjTrertension, deter- 
minations could not be carried on for more than a few days after clamping the 
renal arteries due to death of the animals. The present study is similar to that 
of Dell’Oro and Braun-Men^ndez, but the animals have been followed for longei' 
periods and serial measurements of the hypertensinogen and hypertensinase as 
well as renin contents of the plasma have been perfoiTned. 

Methods. Ten dogs weighing 11 to 18 kgm. Avere operated upon asepticalh 
under nembutal anesthesia to produce renal hypertension. Through a posteiior 
incision the renal arterj’^ Avas exposed and clamped by means of a Goldijlaft 
clamp (9) AA'hich Avas screAved doAvn to occlude the A’^essel and then turned back 
about three-quarters of a turn. Usually a A\'eak pulsation or a thrill could be 
felt distal to the clamp. In 3 dogs both renal arteries A\’ere clamped on the same 

’ This investigation A\-as aided in part by a grant from the John and Mary R. Martle 
Foundation and from the Proctor Fund of the Harvard Medical School. 
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day. In the remainder, a period of 7 to 19 days ivas allowed between operations. 
Most of the animals received sulfadiazine, 0.5 gram per day, for 1 to 2 days be- 
fore and after the operation. 

Mean blood pressures were measured with a mercury manometer by direct 
puncture of the femoral'artery at frequent intervals for at least 7 days before 
operation. After clamping the renal arteries, the blood pressure was measured 
every day or two as long as it continued to rise. At later periods, when blood 
pressures were taken at less frequent intervals, dogs were trained for several 
days in order to make readings comparable to previous ones. 

Blood for the determination of renin, hypertensinogen, and hj^pertensinase was 
drawn from the femoral artery, or occasionally from the vein, into syringes con- 
taining at least 1 cc. of 3.8 per cent sodium citrate per 15 cc. of blood. Deter- 
minations on dog plasma were carried out in general as previously described for 
human and dog plasma (3, 10), Renin Avas determined on 8 to 10 cc. of plasma 
by a 2-hour incubation Avith an excess of beef hypertensinogen after the removal 
of hypertensinase by acidification to pH 2 for 2 hours at 4°C. in the presence of 
9 per cent sodium chloride. Hypertensinogen Avas measured by a 10-minute 
incubation of 3 cc. of dog plasma in the presence of 100 cat units of hog renin. 
The amount of hypertensin formed in all determinations Avas assayed on cats as 
previously described (3). Comparative determinations Avere made on frozen 
plasmas, assuming that their hypertensinogen contents did not change under 
these conditions. Control measurements appear to indicate that this is a just- 
tifiable assumption. 

Nonprotein nitrogen Avas determined on frozen plasma samples saAmd from 
previous determinations. 

Results. Renin assay and renin content of normal dog plasma. The recog- 
nition by assay of minute amounts of renin (usually 0.2 cat unit or less) is dif- 
ficult by the method described due to the small atypical rises of pressure pro- 
duced in the assay animal. In a sensitive assay preparation, typical and sig- 
nificant blood pressure rises can be obtained Avith only 0.1 cat unit, and in an 
insensitive preparation larger amounts of renin must be present to produce con- 
vincing blood pressure responses. When equivocal blood pressure rises haA’H 
occurred, or Avhen the blood pressure curve has been atypical for hypertensin, 
they haA’-e been I’ecorded in the tables by the sign±. In the 13 street dogs Avith 
norma! blood pressure, assay of their plasma for renin yielded negatwe results in 
6, equivocal (±) results in 4, and in the remaining 3, 0.2 to 0.4 cat unit per 10 
cc. of plasma. 

Renin and the course of hypertension. Pre-operative blood pressures in the 
series of dogs subsequently made hypertensive ranged from 98 to 132 mm. Hg. 
After clamping one renal artery only, moderate elevations of blood pressure 
occurred in only 2 of 6 animals. Five dogs, dying pre.sumably of uremia 4 to 12 
days after clamping the second renal artery, had some degree of hypertension 
(from 152 to 170 mm. Hg), sometimes occurring only terminally (table 1). The 
other 5 dogs sundved the development of hjqiertension AA'ith levels betAveen 155 
and 192 mm. Hg (table 2). The blood pressure usually reached a peak in 1 to 2 
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weeks after the second renal artery was clamped and then fell over a period of 
weeks to a constant level about 30 mm. Hg above the pre-operative level (table 
2). Two dogs, re-operated upon when they had remained at this level for some 
time, had enlarged arteries through the renal capsule as described by Elaut (11). 
In one of these animals the blood pressure rose 60 mm. Hg following ligation of 
these arteries on one kidney only. 

In the hypertensive dogs renin appeared in the plasma within at least 1 or 2 
days of clamping the second renal artery. In the majority of animals there was 
a rough parallelism between the rise of blood pressure and the increase in con- 
centration of renin in the plasma. The amount of renin in the plasma reached a 

TABLE 1 


The effect of the production of renal hypertension on the renal pressor mechanism 


DAYS 

DOG 29 

DOG 42 

DOG 40 

DOG 37 

DOG 34 

w 

« 

a 

u 

o 

« 

u 

.s 

‘S 

o 

u 

< 

g 

• 

• 

w 

u 

B 

p 

• 

« 

• 

K 


U 

(J 

o 

U 

.£ 

‘5 

u 

U 

U 

« 

• 

s 

u 

p 

• 

• 

K 

IS 

E 

B.P., mm. Hg 

Renin, CU*/10 cc. 

o 

u 

— 

• 

P 

O 

• 

* 

6 

p 

• 

« 

« 

p 

NPN, mgm. % 

X 

s 

E 

CU 

n 

Renin, CV*/10 cc. 

o 

u 

•“-s. 

• 

D 

U 

• 

• 

uf 


(j 

u 

o 

D 

U 

.s 

'S 

o 

X 

o 

(j 

• 

P 

O 

m 

m 

X 

NPN, mgm. % 

Before 

12G 

n 

l.!P 

1.4 

122 


2.9“ 

1.5 


li 


1.6“ 

2.0 

44 

105 

Hi 

2.1“ 



2.6“ 


After 

Clamp LRA 


Clamp RR.A 



Clamp LRA 





Clamp RRA 

1-2 

130 

0.3 

2.0“ 

1.4 






145 


[S3 


68 








3-4 

154 

mm 

3.2“ 

1.2 

122 





122 

uiE 

2.4“ 

1.7 





112 




5-6 

140 





















7-8 

140 


1.3'> 







IhI 


HTh 










0-10 





115 

0.3 



38 









lie 




After 

Clamp RRA 


Clamp LRA 



Clamp RR.4 


Clamp LRA, 

Clamp LRA 
















RRA 






1 

140 


o.e** 


124 

















2 

143 

0 

O.O** 

1.2 






138 

■HE 







106 




3 

140 




ICO 


3.3“ 

l.G 


■ ;ii 








ton 




4 


Died 




Died 



m.l'm 

1.2 




EEfl 

2.2 


KM 




5 










144 



1.7 

¥m 








11 











Died 



127 

ESI 

BMfll 

152 

EEI 

2.4“ 

59 

12 













1 


Died 

1 


Died 



RRA right renal arterj', LRA left renal artery, • cal unite, J dog unite, ** hyjjertcnsinogen, liypcrtcnsinase, 
and b arc determinations at the same time and therefore comparable. 


maximum in 4 to 12 da 3 ’^s (table 2) and then gradually diminished. In 2 dogs 
(dogs 36 and 39), renin was present in detectable amounts (0.4 to 0.6 cat unit 
per 10 cc. of plasma) for at least 90 to 100 da 3 ’’S after operation. Its time of 
disappearance was variable in different animals. Despite the disappearance of 
detectable amounts of renin in the plasma, the blood pressure remained highei 
than before operation. After the blood pi’essure and renin levels had gradually 
decreased toward normal in dog 39, surgical reduction of the blood supplj’’ to the 
kidnej^ by ligation of capsular vessels was followed by a rise of blood pressure and 
an increase of^renin concentration in the plasma. In two instances (dogs 37 
and 43), large amounts of renin were present when the blood pressure fell in the 
course of postoperative or terminal shock. 
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TABLE 2 

The effect of the production of renal hypertension on the renal pressor mechanism 
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RRA right renal artery, LRA left renal artery, CA capsular arteries, * cat units, X dog units, ♦* hypertensinogen, 
••• hypertensinasc, a, b, c, d, c are determinations at the same time and therefore comparable. 


Hyperlensinogeii. The rise of blood pressure and of renin concentration in 
plasma M’as freqiientl 5 r unaccompanied b 5 ^ any significant change in the concen- 
tration of hsTertensinogen. In 2 dogs (dogs 37 and 39), a decrease of hyper- 
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•tensinogen concentration was associated with high concentrations of renin in the 
plasma. With the exception of dog 37, no animal dying in uremia showed 
changes of hypertensinogen concentration prior to death. Three dogs (dogs 29, 
43, and 36), showed increases in the concentration of hypertensinogen after con- 
stricting the renal arterjL 

Hyperknsinase. The hypertensinase content of the plasma was determined 
before and after operation in 5 instances. No definite or consistent changes u'ere 
evident. If large amounts of renin are present in the plasma, falsely low values 
may be obtained due to the formation of hypertensin during the incubation of the 
plasma sample. 

Nonprctein nitrogen. In 4 of 5 dogs surviving the operation for more than 12 
days, the nonprotein nitrogen of plasma was found to be increased before or at 
the time of the maximum renin level in the plasma (the rise being 22 to 46 mgm. 
per cent). Measurements were not fi-equent enough to determine the duration 
of the rise. In dog 39, relatively large amounts of renin appeared without 
significant change in the nonprotein nitrogen level. 

Discussion. The precise mechanism by which the blood pressure rises 
following consti'iction of the renal artery has been the subject of considerable 
investigation and controvers 3 '-, a variety of substances having been suspected but 
not proven as the causative agent. The renin system has received particular 
attention in recent j’-ears, especially in acute experiments but little in the de- 
velopmental and' chronic stages of e.xperimental hypertension. Dell’Oro and 
Braun-Men4ndez (8) have followed renin levels in the plasma for a few days after 
constricting the renal artery and have obtained findings similar to ours. 

The obseiwations in this report shed a certain amount of light on the relation 
of the renin system to the development of experimental renal h 5 ’’pertension but 
are not definitive. It is apparent that there is a gradual increase in the con- 
centration of renin in the blood over a period of daj^s. The greatest amounts of 
renin detected during the development of hypertension (table 2) were 0.6 to 1.5 
cat units per 10 cc. of plasma. Similar blood pressure elevations and renin con- 
centrations maj'' be produced with infusions of 0.5 to 1.0 cat unit per minute of 
hog renin (12). Interestingly enough, at the time of maximal ischemia of the 
kidnej’', i.e.,'just after the Goldblatt clamp is applied, the renin concentration is 
not at a maximum. Subsequentlj’’, at a time when the renin concentration has 
reached its peak and begun to decline, the blood pressure continues to remain 
elevated. Despite the persistence of , some degree of Itypertension, the renin 
concentration graduallj’’ falls over a period of weeks or months until it is no longer 
detectable. In dogs with h 3 ’’pertension of months’ or 3 ’’ears’ duration, renin has 
not been detectable in the S3'stemic blood (unpublished observ'^ations). Ne- 
phrectom 3 ’’, however, produces a prompt fall of blood pressure vithin a few hours 
(13, 14, 15, 16, 17). Although there is a rough parallelism between the concen- 
tration of renin in the blood and the appearance of h 3 'pertension, there is no 
appai’ent relationship between the two in the chronic stages by the technique 
utilized in this communication. 

In our series of dogs, there w'as no consistent change in the concentration of 
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hypertensinogen in the plasma as hypertension developed. In two instances, it 
became diminished, and in three it increased. The decrease was associated in 
each case with high concentrations of renin. Nephrectomy is followed by an 
increased concentration of hypertensinogen, the increase having been attributed 
to the absence of circulating renin (18, 19). The mechanism of the increase in 
our animals whose plasma contained more renin than normal must have been on 
some other basis, the nature of which is not immediately apparent. 

No definite or consistent changes in the concentration of hypertensinase in the 
plasma of these dogs was evident. 

We believe that in the light of present knowledge, no single interpretation of 
these obseiwations is warranted. The following possibilities suggest themselves; 

1. It is possible that the renin system has nothing to do with the development 
and maintenance of experimental renal hypertension and that its production is 
determined by autolysis of kidney tissue. It will be observed that in 4 of the 5 
animals in which serial determinations of nonprotein nitrogen Avere recorded, 
some elevation occurred during the development of the hypertension. In the 
fifth dog (dog 39), blood pressure and renin concentration became elevated with- 
out significant changes in the nonprotein nitrogen values following ligation of the 
collateral blood supply in the renal capsule. Although Goldblatt et al. (20) ob- 
seiwed no elevation of nonprotein nitrogen in their dogs Avith hypertension from 
constriction of the renal artery, others have obseiwed transient slight eleAmtions 
of nonprotein nitrogen (21, 22) or blood urea nitrogen (11, 23). Most reports 
indicate minor decreases of renal function for short periods after mild to moderate 
constriction of the renal artery, but such findings are transient for there is a rapid 
return to nonnal of phenolsulfonephthalein, urea, inulin, phenol red, and diodrast 
clearances (20, 24, 25, 26, 27, 28). 

2. Renin may initiate the hypertension and some other pressor mechanism may 
subsequently take over the function of its maintenance. This has been suggested 
by Reed, Sapirstein, Southard, and Ogden (29, 30) on the basis of experience 
AA’ith sympatholytic drugs. While yohimbine and F-883 caused no fall of blood 
pressure in earlj’- renal hypertension, a fall of blood pressure Avas produced in the 
chronic stages. They concluded that in early renal hypertension, the blood 
pressure rise AA^as mediated by a renal humoral pressor mechanism unaffected by 
sjTnpatholjd-ic agents, AA’hereas in late renal hypertension the blood pressure AA^as 
elevated by a sjunpathetic neural pressor system capable of being blocked by 
these drugs. 

3. IMethods may be too insensitive to detect renin in chronic hypertension. 
The concentration present during the acute phase of hypertension may be in 
excessive, easily measurable amounts Avlule the ischemia is at its height. Such 
excessNe amounts of renin in the blood may diminish after the eleA^ation of blood 
pressure has relieved to some extent the ischemia, or after the opposite kidney, if 
untouched, has had time to take over the function of the clamped kidney through 
the medium of compensatory hypertrophy, or after the collateral circulation 
through the capsule of the clamped kidney has begun to develop. The amount 
of renin Avhich is necessaiy to maintain the blood pressure at a level adequate for 
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the circulatory needs of the kidney may be too small to be detectable by the 
method employed in our study. No information is available regarding the 
minimal amount of renin that is required to elevate blood pressure over a period 
of time. The effects on the blood pressure of a continuous infusion of minute 
amounts of homologous renin to animals over a period of days has not as yet 
been reported. 

. Which, if any, of these interpretations is correct cannot be stated at this time 
because as much evidence for as against each one can be offered. While the data 
do not support the hypothesis that the renin-hypertensinogen-hypertensin 
system is the mediator of the hypertension following the application of a Gold- 
blatt clamp, it should be emphasized that the evidence presented is by no means 
conclusive in excluding such a possibility. 

SUMMARY 

1. During the development of experimental renal hypertension in dogs, renin 
was detected in the plasma. 

2. The renin level reached a maximum about one week after both renal arteries 
were constricted and then gradually diminished. 

3. A rise in nonprotein nitrogen was often, but not necessaril}’-, present when 
the renin concentration of plasma was increased. 

4. With the development of hypertension, the hypertensinogen content of the 
plasma remained unchanged or increased somewhat unless the amount of renin 
became excessive, in which case the hypertensinogen concentration decreased. 

5. No significant changes in the hypertensinase content of the plasma were 
noted. 

6. The significance of these obseiwations is discussed. 
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Previous studies (1, 2, 3, 14) have failed to reveal the presence of renin in the 
S 3 'stemic blood of patients with chronic h 3 'pertension. Renin is known to be 
produced b 3 ’ the kidne 3 " and liberated into the S 3 ’^stemic circulation b 3 '' wa 3 ' of 
the renal vein (4, 5, 6). Since it has been suspected but not proven to be the 
humoral agent responsible for the elevation of blood pressure in human h 3 ’’per- 
tension, a stud 3 ' has been made of the renin concentration of renal venous blood 
in a group of nonnal and h 3 'pertensive patients. 

Methods. Twelve patients uith h 3 ’pertension from different causes and of 
var^'iog degrees of seventy (see table 1) and 12 patients with nonnal blood pres- 
sures were chosen for stud 3 '. Onl 3 ’^ one of the patients had evidence of congestive 
heart failure at the time of stud 3 ^ The patients were transferred to the fluoros- 
cop 3 ’^- room in a fasting state where the 3 ’^ la 3 ’^ on the fiuorosc'opic table which was 
covered with a thick mat of sponge nibber to insure their ph 3 'sical comfort. 
Pillows were used judicious^ under head and shoulders. An 8-F or 9-F radio- 
opaque venous catheter, 100 cm. long and with the hole direct^' on the tip, was 
introduced into a vein of the foreaiTQ as described b 3 ’' Coumand and Ranges (7). 
Novocaine without adrenahn was used as a local anesthetic. The catheter was 
directed fluorosGopicall3’ into the renal A-ein- as described b3’’ Wan’en cl al. (8). 
Its position was checked before and after withdrawal of the blood sample. In 
each instance, it was observed to -leave the course of the inferior vena cava 
opposite the second Irnnbar A'ertebra (see fig. 1), and the color of the renal venous 
blood was obsen^ed to be more red than that taken from other parts of the venous 
S 3 ’stem. ThirtA' to 40 cc. of blood were Anthdrawn from the renal A'ein into S 3 'r- 
inges containing one or more cubic centimeters of 3.8 per cent sodium citrate 
per 1 5 cc. of blood. A similar amount of blood was occasional^'’ withdrawn as a 
control from either the superior A*ena caA'a, right auricle, right A'entricle, or piil- 
monaiy arter 3 \ The renin titer of the blood was assa 3 'ed as preA'ioiisb' de- 
scribed (9). 

Results. The findings in this stud 3 ’’ are summarized in table 1. Seven of 

* This investigation was aided in part by a grant from the John and Alarj' R. JfarkJe 
Foundation and from the Proctor Fund of the Har\’ard Medical School. 

- The authors are indebted to Dr. Stanley E. Bradley for teaching them the technique o 
venous catheterization of the heart and renal A-ein and for collecting samples of renal venous 
blood in 4 of the patients reported in this study. ^ 
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TABLE 1 

Renin content of renal venous blood 



PATIENTS WITH NOKSIAL BLOOD PRESSURE 




PATIENTS WITH HYPERTENSION 


No. 

Patient 

Diagnosis 

Blood 

pres- 

sure 

Renin 

cat 

units 

per 

10 cc. 
plas- 
ma 

No. 

Patient 

Diagnosis 

Blood 

pres- 

sure 

Renin cat 
units per 
10 cc. 
plasma 




mm. 

Hg 





mm. 

Hg 


1. 

L. S. 

Astiimu 

118/84 

0.3 

1. 

F. M. 

Essential hypertension 

222/146 

0.9 

2. 

M.H. 

Dermatitis 

112/82 

0.3 

2. 

W. W. 

Chronic nephritis; calci- 
fication of kidneys 

198/114 

0.7 

3. 

S. 0. 

Pneumonia (convalescent') 

120/80 

0.3 

3. 

J. H. 

Essential h 3 *pertension 

186/134 

0.5 

4. 

H. R. 

Duodenal ulcer 

90/62 

0.3 

4. 

J. S 

Chronic pj'elonephritis, 
uremia 

200/116 

0.5 

5. 

B.P. 

Pulmono-cardiac disease 

110/75 

0,3 

5- 

J. W. 

Coarctation of aorta 

216/141 

0.5 Ririit 
0.2 Loft 

0 . 

R. F. 

Rheumatic fever (con- 
valescent) 

120/74 

0.3 

fl. 

J.S. 

Nerilirotio syndrome 

167/92 

0.3 

7. 

M. T. 

Lues (treated) 

105/70 

0.2 

7. 

S. H. 

Chronic glomerulone- 

phritis 

139/102 

0.2 

S. 

F. R. 

Emphysema 

120, '82 


8. 

M. S. 

-Acute slomerulonepliritis 

170/100 

0 ' 

9. 

H. G. 

Spontaneous pneumo- 

thorax 

128/88 

0 

9. 

C. F. 

Unilateral renal disease, 
left 

170/110 

0 Left 

0 Right 

10. 

H. P. 

Lucs (i)eniciUin) 

106/60 

0 

Ilill 

\V. P. 

Malignant hypertension 

200/140 

0 

11, 

G. J. 

Peptic ulcer 

114/80 

0 

11. 

E. W 

Malignant hypertension, 
cardiac failure 

196/142 

0 

12. 

W. W. 

Lues (treated) 

m/7i> 

0 

12. 

J. P. 

Chronic 'pyelonephritis, 
left 

100/120 

OLpft 

0 Rislit 



Fig. 1. X-ray showing venous catheter passing through axillarv anH • 

superior vena cava and right auricle (leftl into infor:^ ^ ^ ^ d subclavian vein, 

opposite the second lumbar vertebra (right) ^ 
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the 12 hypertensive patients and 7 of the 12 patients with normal blood pressures 
had small but definite amounts of renin, while in the remainder of each group no 
renin or equivocal amounts of renin were present. 

Discussion. The data indicate that under the conditions of the e.xperiments, 
the renal venous blood of normal individuals contained about as much renin 
with the same frequency as did the renal venous blood of hypertensive indi- 
viduals. The amount of renin in the hypertensives might seem to have been a 
little greater, but in considering the errors of the assay method such differences 
Avere not considered significant. 

In the hypertensive group, there was no relation between the severity or 
etiology of the hypertension and the concentration of renin in the renal venous 
blood. 

Renin is detectable in the systemic blood of animals and sometimes in man 
during the early phase of hypertension ivhen the blood pressure is rising (10, 
11, 12, 13). After a period of time, it no longer remains detectable in the sys- 
temic blood despite the persistence of the hj'^pertension (1, 3, 12). This studj’^ 
rcAmals its presence in minute amounts in renal venous blood in about the same 
concentration as in normal individuals. Such findings do not support the 
hypothesis that renin is the humoral substance responsible for human hyperten- 
sion. 

On the other hand, these obseiwations are not conclush'e in excluding such a 
possibility. Although the patients were at rest and although their blood pres- 
sure and pulse rates were unchanged in several instances during the withdrawal 
of the renal Amnous samples, they Averc not in a strictly “basal” state. Intro- 
duction of a catheter into the renal vein may Avell be sufficient to liberate at times 
a small amount of renin by the kidney. The possibility remains, therefore, that 
the concentrations of renin observed by us Avere produced by such factors. Since 
many physiological substances are acth'e in exceedingly minute amounts, it is 
possible that amounts, undetectable by the method employed, Avere acting day 
after day to maintain an elevated blood pressure in the hypertensive patients. 

We do not believe that either of the above interpretations can be proAmn or 
disproven by the techniques utilized in this studjL 

SUMMARY 

1. Renin Avas detected in the renal A'enous blood in approximately the same 
amount and Avith the same frequency in a group of 12 h3'’pertensive patients and 
in a group of 12 patients Avith normal blood pressures at rest. 

2. The significance of these findings in relation to the etiolog}’^ of human hj’’- 
perfension is discussed. 
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Heretofore, practically all extensive measurements of alveolar gas composition 
have been made on samples intermittently obtained from forcible expirations. 
Such methods require a certain amoimt of co-operation on the part of both sub- 
ject and operator, and are bound to interfere with the normal breathing pattern. 
The sampling and analyzing device described by Rahn, Mohney, Otis, and Fenn 
(1946) makes possible the continuous sampling and minute to minute recording 
of alveolar air of a subject quietly breathing from a face mask. The purpose of 
the present investigation was to obtain by this method extensive data concerning 
the respiratory behavior of several thoroughly trained subjects- breathing under 
nomial restmg conditions and under a variety of experimental conditions, par- 
ticularly during acute exposure to the simulated altitudes of 12, 16, IS, 20, and 
22 thousand feet. 

Outline of Flights. Series I~-V. All experiments -were begun at 9 a.m. or 2 
p.m. The subject was seated in the liigh altitude chamber during all measure- 
ments and breathed air through a face mask from a Pioneer demand valve. 
After a twenty minute period at ground level (540 ft., elevation above sea level), 
during Avhich control measurements were made, ascent to the desired altitude 
occurred at a rate of 4500 feet per minute. An observer breathing o.xygen accom- 
panied the subject. Measurements were resumed as soon as the desired altitude 
was reached. Experiments were one hour in length at the 12, 16, and IS thou- 
sand foot altitudes, 45 minutes at 20,000 feet and 30 minutes at 22,000 feet. 
Each subject was exposed to each altitude from lowest to highest in turn with at 
least a one day interval between successive exposures. The same eight subjects 
participated in all these experiments. Series HI A was identical with series III. 

Series VI aJtd VII. In addition to the “normal” flights (series. I to \) each 
of the eight subjects also participated in similar one-hour flights to 12,000 and 
18,000 feet Avhich wei’e preceded by the ingestion of 100 grams of glucose in 200 
cc. of Avater just before the ascent. 

Series VIII. COe inhalation at 16,000 feet: in this series four subjects 
breathed 6.0 per cent COj in air for a 15 minute period. The e.xperimental 

^ Work done under contract recommended by Committee on Medical Research between 
the Office of Scientific Research and Development and the UniA'ersity of Rochester. 

- We wish to acknoAvledge the splendid co-operation of the following members of CiA'ilian 
Public SerA’ice Unit No. 115-R who serA-ed as efficient subjects, observers, and recorders 
during the seA’eral months of tedious routine required to complete these measurements. 
R. Dick, I. Eller, J. Heil, T. Horvath, R. Long, B. IMiller, H. Mitchell, R. Ortmaycr, G. 
Spicer, R. Stanley, M. Whitaker. 
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period was preceded by a 10-miivute control period and followed bj a 10-minute 
recovery period, both at 16,000 feet. No performance tests were administered 
during these experiments. 

Series IX and X. Muscular work at ground level and 16,000 feet. For the 
muscular work, the sitting subject pushed his feet alternately against pedals con- 
structed from flat pieces of spring steel at a rate of 30 times a minute for each foot. 
The mechanical work required for this task was calculated to be 49.4 kilogram- 
meters per minute. The period of actual work was 10 minutes in length. It 
was preceded by a control period and followed by a recovery period of the same 
duration. 

Methods. Alveolar gas composition was read and recorded each minute by use 
of the continuous method referred to above. In addition, an end-expiratoiy 
Haldane-Priestley sample was obtained every ten minutes and subsequently 
analyzed by the Haldane method or by the same meters used for the contintious 
method. The discrepancy between the conventional and the continuous methods 
was thus obtained. 

Frequency of breathing was recorded outside the chamber on a paper tape which 
moved at a known constant rate. The slight negative pressure developed in the 
mask during each inspiration was made to close a relay circuit bj^ means of a 
switch constructed from a sensitive aneroid barometer. Closure of the circuit 
activated an electromagnet to which was attached the recording pen, which thus 
made a deflection during each inspiration. 

Ventilation volume was recorded on the same tape by another electro-magneti- 
cally operated pen. The subject expired through a gas meter so fitted with 
electrical contacts that its rotating arm briefly closed the pen circuit once for each 
500 cc. of gas passing through the meter. The temperature was read from a 
thermometer inserted into the outlet of the meter. 

Percentage saturation of the arterial blood was read and recorded each minute by 
means of the Millikan oximeter using the single scale circuit with automatic 
adjustment for ear thickness (Millikan, 1942). 

Heart rates were recorded for one minute out of each ten by means of an 
electrocardiotachometer. 

Performance was measured every ten minutes by the hand steadiness test 
previously described (Rahn, Otis et ah). 

Results. Normal runs (series I through F) and glucose runs (series VI and 
VII). The data obtained are summarized in tables 1-3. Respiratory data are 
averages of the minute to minute readings of each five-minute period indicated. 
Each value, therefore, is based on five measurements on each subject or a total of 
40 separate readings, except in series III A, in which only six subjects participated 
and in series V in which one subject lost consciousness after ten minutes at alti- 
tude. Heart rates and steadiness test scores are indicated at ten minute inteiwals 
as explained in the legend accompanying the tables. 

Carbon dioxide inhalation e.vpcri7nents (series VIII) and exercise runs (series IX 
and X) are summarized in tables 3 and 4, respectively, which are similar to the 
previous tables except that the respiratory data are averaged for 2-minutes in- 
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TABLE 3 — Concluded 
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stead of for 5-mmute periods. Grand averages for each lO-minute period are 
also shown in table 4. 

Discussion. 1. Alveolar Gas Composition and Ventilation at Altitude. The 
data presented for series I through V represent respiratory behavior typical of 
healthy, young, well trained male subjects during acute exposure to simulated 
altitudes. It should be emphasized that all subjects were thoroughly indoctri- 
nated beforehand, and that they worked as a full-time .laboratory team as 
subjects and technicians during the course of the experiments. They were, there- 
fore, largely free of the apprehension that sometimes occurs in the case of individ- 
uals who are used only occasionally as subjects. 

An important feature of the present data, made conveniently possible by the 
method of sampling, is that the time course of changes in alveolar gas composition 
is traced throughout the period of exposure to altitude. In this respect these 
data supplement the standard alveolar curves of Boothby (1944), which are 
based on values obtained at 10 and 15 minutes at altitude. Furthennore his 
subjects went successive^’- to higher altitudes on the same run, thus partially 
adapting at each level. These time changes are strikingly reflected by the values 
for the alveolar respiratory quotient. Upon arrival at altitude the R.Q. is 
increased above normal owing to the hyperventilation resulting from the stimulus 
of anoxia. This hypen’-entilation is accomplished largely by increased -tidal 
volume until 22,000 feet where the rate also increases. With time the CO 2 stores 
of the body are depleted and the R.Q. gradually drops back toward normal indi- 
cating the approach of a new steady state. Related to this changing R.Q. are 
the changes in alveolar gas tensions. The pO^, relatively high at first, gradually 
drops with the R.Q. even though the pC02 may remain approximately constant 
or become considerably diminished. The percentage saturation of the arterial 
blood also tends to drop in parallel with the PO 2 . 

These significant facts are conveniently summarized graphically in figure 1 by 
use of the CO 2 -O 2 diagram introduced by Fenn, Rahn and Otis (1946). Since 
the family of R.Q. lines have the same slopes but a different intercept at different 
altitudes, the various altitudes involved may be represented on a single set of 
R.Q. lines by use of a multiple scale of abscissae. This has been done for con- 
venience in figure 1. In addition, lines of constant alveolar ventilation have 
been drawn for the values of 6, 8, 10, and 12 liters per minute on the assumption 
that the O 2 intake is constant. The locations of these lines were determined from 
equation 19 of our previous report (Fenn, Rahn and Otis, 1946). Xo in this case, 
was taken as 300 cc. per minute, the average calculated oxygen consumption 
during the flights represented on the diagram. This seemed justifiable because 
no consistent effects of the altitudes on oxygen consumption can be observed in 
the data. 

Several pertinent facts are emphasized bj'^ this mode of presentation. One may 
think of the immediate respiratoiy response to a given altitude as being repre- 
sented b 3 ’ a jump from the ground level alveolar point on the diagram to the 
initial altitude point. During the first five minutes at anj^ altitude the alveolar 
ventilation is greater than during the subsequent periods. This reflects the 
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action of the initial anoxic stimulus which shortly is reduced in its net effective- 
ness because, of the opposing inhibitory stimulus of acapnia. The pCOa tends to 
drop throughout the period of exposure to altitude, and as a consequence of this 
progressive acapnic state, the ventilation rate likewise gradually diminishes even 



Fig. 1. The alveolar pathway during acute exposure to altitude. 


Ordinates: Alveolar carbon dioxide tensions in millimeters of mercury. 

Abscissae: Alveolar oxygen tensions in millimeters of mercur 3 ^ Each of the multip e 
scales of abscissae applies to the family of points labelled with the corresponding altitu c 


on the diagram. . . -r, 

Parallel diagonals: Isoventilation lines constructed by use of equation (19) from henn, 


Rahn and Otis, 1946. , 

Converging diagonals; Lines of constant R.Q. located by means of equa ion ( ) rom 


saiiio suurut;. , • i* x a\ r. 

The location of each member of the family of circles for a given altitude indicates the 
average composition of the alveolar air during a five-minute interval. e circ es m eac i 
family are numbered consecutively, “1” indicating the first five minutes at altitude, 2 , 
the second five minutes, etc. The solid circle indicates the average alveo ar composi lo 
during the control periods at ground level, and hence is a sort of starting poin rom v ic 
changes ma^’^ be followed as described in the text. 

though the stimulus from anoxia is increasing. Compamg the different alti- 
tudes, one sees that the higher the altitude, the greater is the vent ation, e 
larger is the initial rise in the alveolar respirator^’’ quotient, and the o\\ er oes • e 
alveolar pC02 fall. The marked temporary gain in alveolar pOs hy virtue of the 
initially high R.Q. is also readily apparent in this diagram. Lines indicating the 
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degree of oxygenation of the arterial blood could also be added but they would 
be different for different altitudes. By the end of the one hour exposure to 
altitude, the alveolar R.Q. has dropped- nearly back to normal, indicating the 
approach to a new steady state. Although the 20,000 and 22,000 foot flights 
were not continued for this length of time, the trend of the points indicates that 
one hour would also suffice at these altitudes for attainment of an approximate 
steady state. 

The alveolar pathway to this new steady state is not precisely linear, for the 
lines connecting the consecutive five-nainute points form a zig-zag route which 
occasionally doubles back on itself. Some of these irregularities may be at- 
tributed to “hunting” on the part of the respiratory center for sonie minimum 
stimulus. Others may be due to extraneous sensory stimuli difficult to define or 
control. However devious the detailed path may be, there is no doubt as to the 
net direction. On teleological grounds this particular direction might be pre- 
sumed to represent the points of optimum performance. Our evidence indicates, 
however, that in general the performance as measured by our tests is improved 
by ventilating somewhat faster than one actually does (Otis, Rahn, Epstein, and 
Fenn, 1946). Apparently the average subject tends to economize on respiratory 
effort somewhat to his own disadvantage. In exposures of greater duration the 
less well understood and more slowly acting processes of acclimatization must 
become of importance. 

Only one of the eight subjects failed to complete the prescribed schedule of 
flights. It is of interest to note that this individual, who collapsed after ten 
minutes at 22,000 feet, consistently shoived a smaller ventilation increase at 
altitude and consequently a higher alveolar pCOs, and a lower oximeter reading 
than did the other subjects. Another subject, on the other hand, was somewhat 
inclined to nervous hyperventilation, but completed all flights mthout mishap. 

The recovery at ground level following the flights was observed in a limited 
number of cases. The alveolar pathway upon recovery shows a reversal of the 
processes described above. Since the anoxic stimulus is no longer present, the 
acapnic inhibition of ventilation is free to exert itself until the CO 2 stores of the 
body are restocked. During this period of diminished ventilation, the alveolar 
R.Q. is lower than normal, and gradually rises to the resting value. The rate of 
return to normal pCOo values depends upon the previous anoxic hyperventilation 
at altitude. The higher and the longer the altitude exposure, the longer the 
recovery. The alveolar pathway is similar to that following hyperventilation as 
described by Rahn, Mohney et ah, 1946. The R.Q. dips below 0.8 and slowly 
returns to normal with a consequent rise in pCOz, pOo and ventilation rate as the 
CO 2 stores of the body are replenished. Thus acute exposure to altitude and 
recovery are represented on the CO 2 -O 2 diagram by a closed circular or elliptical 
pathway bisected by the metabolic R.Q. line to which the body eventually returns 
both at altitude and during recovery from altitude. This is illustrated in figure 
2 drawn from average values obtained on seven 'subjects after 30 minutes at 
22,000 feet. 

The value of the continuous sampling method in following the time course of 
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respirat^ changes has been demonstrated above. As has been previously re- 
ported (Raim, Otis, Mohney and Penn, 1946) the continuous method gives values 
for the alveolar pCOs which are slightly lower and values for the alveolar pOs 
which are slightly higher than those given by the conventional Haldane-Priestley 
method. The additional data obtained in the present experiments bear this out 
In table 6 the differences between the results of continuous analysis and anatysis 



■ Fig. 2. Alveolar pathway before, during and after exposure to 22,000 foot altitude (7 
subjects). Point A represents the average of 20 minutes at ground level. This is fol- 
lowed by a five minute ascent to 22,000 feet during which no record was taken. The small 
circles are consecutive five minute averages after arrival at 22,000 feet. B represents the 
end of thirty minute exposure and beginning of descent. No record was taken during five 
minute descent. The small circles during the recovery cycle are again averages of consecu- 
tive five minute intervals during the first twenty-five minutes after arrival at ground level. 
(Alveolar Ventilations are calculated but agree well with observed Total Ventilation 
Values.) 

of end-expiratory Haldane-Priestley samples are compared. Of particular in- 
terest is the fact that the discrepancy between the two methods becomes less as 
the altitude increases. This may be due to the increasing ventilation rate. 
Another point of interest in comparing the continuous samples ^Yith the forced 
expirations is that the per cent saturation of the arterial blood estimated from the 
alveolar pCOo and pOj with the nomogram of L. J. Henderson (1928) agrees more 
closely with oximeter reading's when the values obtained from forced samples 
are used (table 6). The values from the continuous method consistently give 
percentage saturations which are higher than the oximeter readings. 
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The reproducibility of measurements by continuous sampling is iridicated bj'^ a 
comparison of the data of series III and III A, both of which represent normal, 
respiratory behavior of our subjects at 18,000 feet. The lusults of the two series- 
appear not to be significantly different. 

TABLE 5 


T/ie discrepancy between the continuous and the conventional methods of 
alveolar air analysis at various altitudes 


(1) 

ALTITUDE 

(2) 

n 

1£EAN pCOi 
DITFESEKCE 

(4) 

S.T>M, 

^ 

UCAH pOi 
pmEBENCE 

(6) 

Ground Level 

112 

2.00 

0.18 

4.06 


12,000 

98 

2.20 

0.17 

3.71 


16,000 

41 

2.38 

0.22 

3.80 


18,000 

121 

1.61 

0.14 1 

2.95 


20,000 

32 

1.38 

0.19 * 

2.76 


22,000 

21 

0.83 

0.25 

1.80 

■■ 


The meaning of the columns is as follows: 

(1) Simulated altitude in feet. (2) The number of comparisons. (3) The mean differ- 
ence (mm. Hg) in values for alveolar pCOj obtained by the two methods. (The continuous 
method always gives the lower values.) (4) The standard deviation of (3). (5) The mean 
difference (mm. Hg) in values for alveolar pOj obtained by the two methods. (The con- 
tinuous method always gives the higher values.) (6) The standard deviation of (6). 


TABLE 6 

Comparison of values for percentage saturation of arterial blood estimated from 
the two methods of sampling alveolar air with those given by the oximeter 


ALTITUDE TEEI 

CONTINUOUS SAMPLER 

TOECED EXPIRATION 

Oximeter 

Hbo, 

pCOi 

pOi 

Calc. Hboj 

pCO, 

pOi 

Calc. HbOi 


mm.Bs 

mm. Bs 

percent 

mm. Bg 

mm.Bg 

per cent 

per cent ' 

12,000 

34.8 

51.0 

87 

37.0 

47.3 

85 

86 

16,000 

29.3 

44.7 

84 

33.7 

40.9 

79 

80 

18,000 

26.8 

41.3 

82 

28.4 

38.3 

79 

77 

20,000 

25.1 

37.3 

79 

26.5 

34.5 

75 

75 

22,000 

24.3 

33.4 

74 

25.1 

31.6 

69 

67 


2. The Effect of Glucose on the Alveolar Pathway. The flights of series VI and 
VII were performed to test the effects of glucose ingestion on the alveolar path- 
way at 12,000 and at 18,000 feet. Pret'ious work on the effect of carbohydrate 
ingestion on respiratory behavior has been reviewed by Ivy, Friedman and Gro- 
dins, 1944. Beneficial effects’of carbohydrate diets in high altitude flights tyere 
reported by these authors as well as by Eng et al. (1945a), (1945b), Baracli et 
al. (1945) and others. 

If the figures in series IT and ’ITI are plotted on a chart like figure 1 and the 
resulting graphs are compared with control values (series I and III or III A 
respectively) it is evident that at 12,000 feet glucose had a slight effect. At 
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18,000 feet, however, the R.Q. and pC02 were both definitely elevated. This 
confii-ms the theoretical expectations although the p 02 was, if anything, somewhat 
diminished rather than increased b}'- the glucose. If the sugar had been taken 
slightly earlier the result might have been even more definite. The result is at- 
tributable to an increased metabolic R.Q. as well as increased CO 2 liberated from 
bicarbonate by increased blood lactate. 

3. W ork at Ground Level and Altitude (series IX and X and table 4). The work 
output per minute was calculated at 49.4 kgm. This is the equivalent of 23.9 
cc. of oxygen burning food with a respiratory quotient of 0.831. The calculated 
extra oxygen consumption required for this work was 277 cc./min. at ground 
level and at 16,000 feet altitude giving a net efficiency of 8.6 per cent. At both 
pressures the alveolar oxygen pressure dropped 4 mm. Hg during the work period 

TABLE 7 


Comparison of observed and calculated ventilation ratios in muscular work 


CROtJND LEVEL I 

j 

ALVEOLAR 

VENTILATION 

VENTILATION RATIO 

OBSERVED 

CALCULATED 


L/min. 



Rest 

6.34 

1.0 

1.0 

Work 

10.61 

1.67 

2.31 

16,000 FEET 




Rest 

8.70 

1.37 

1.23 

Work 

14.15 

2.23 

2.99 


The V.R. was calculated by Gray’s equation: 


V.R. = 0.4 pCO- - 14.21 + 

The constant 14.21 was used instead of 15 to make the ground level resting value = 1.0 
with a pCOj of 37.9. Data for pO* and pCOj are in summary in table 4. 

while the carbon dioxide increased. This change is sufficient to account for the 
decrease in oxygen saturation of the blood. The calculated oxyhemoglobin 
saturation parallels the observed ear-oximeter readings. 

The values of the alveolar ventilation are calculated in table 7 for rest and 
work at ground level and 16,000 feet using the summary data in table 4 and a 
dead space of 210 cc. It is evident that the same work requires an increment of 
5.45 liters/min. at altitude and onlj’’ 4.25 at groimd level. This fact was also 
observed by Gray (1945). All these ventilation rates are reasonably well ex- 
plained by the use of Graj’^’s equation as given in table 7. The obser\'ed and 
calculated ventilation ratios listed in table 7 increase in the same order and the 
numerical values are not grossly different. This shows that the recorded changes 
in alveolar p 02 and pCOo are consistent with the measured ventilation rates. 

4. Heart Rate Changes During Exposure to Simulated Altitudes. Heart rates 
were measured in the above flights to obtain some measure of the circulatory 
stress involved. With the exception of the 12,000 foot value, which seems to be 



A1.VE0LAR AIR DURING SIMULATED EDIGHTS TO HIGH ALTITUDES 217 


out of line with the rest of the data, the rate increases progressively with altitude. 
At the highest altitude (22,000 ft.) it is 127 per cent of the ground level rate. 

The rates obtained during the flights following glucose inpstion are consider- 
ably higher than the corresponding values for the normal series (except at 12,000 
ft.). An increased heart rate as a result of the glucose would not be surprising, 
since Boas and Goldschmidt (1932) found that the heart rate tends to be higher 
after a meal than before. Grollman (1929) found that the cardiac output is 
likewise higher after the ingestion of food. 



Pig. 3 Pig. 4 


Pig. 3. Heart rate as affected by time at altitude. 

Ordinates: Heart rate as percentage of ground level rate. 

Abscissae: Time at altitude in minutes. 

Open circles: Data from scries I-V (normal series). 

Closed circles: Data from series VI and VII (glucose series). 

Pig. 4. Steadiness test score as related to alveolar oxygen tension and altitude. 

Ordinates: Steadiness test score as percentage of ground level score (mean of eight sub- 
jects). 

Abscissae: Scale at bottom: Alveolar pOs in millimeters of Hg. 

Scale at top: Altitude in thousands of feet. 

The vertical line through each point indicates the standard deviation of the mean. 

The lower of the two curves represents the score expected from anoxia alone, and was 
constructed by the method referred to in the text. 

The change in heart rate with time at altitude is of interest. Figure 3 shows 
that the rate is, in most cases, highest during the first 10 minutes at altitude. 
IDuring tlic time of exposure it tends to drop progressively. In the 12,000 foot 
scries it had returned to the nonnal ground level rate by the end of the hour. 
TJiis tendency of the heart rate to return toward the normal with time has been 
ol)sen*cd preiooiisly by McFarland (1938). It may represent a part of the 
adaptation process of the body to low oxygen tensions. It would be of interest 
to know whether it is accompanied by an increase in the stroke volume or in the 
coefficient of utilization. 
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5. Performance on the Hand Steadiness Test during Exposure to Altitudes. 
Results of the steadiness tests which were administered in flight series I-V are 
summarized in figure 4. The mean of all scores at each altitude is plotted against 
the mean alveolar oxygen tension. A bareb'- significant change in score occui*s 
at 12,000 feet. At the higher altitudes the score grows progressively worse. 
The standard deviation of the mean score also increases with altitude. 

An estimate has been made as to Iioav much of the deterioration at each altitude 
is due to anoxia and how much to acapnia. This was done by the method de- 
scribed in a previous report for the construction of a pure anoxia curve (Otis, 
Rahn, Epstein, and Fenn, 1946). The acapnic component was estimated by the 
use of figure 6 of the report just cited. The result of this analysis is shown on 
figure 4, and indicates that a major part of the deterioration is due to anoxia. 
At the higher altitudes the acapnic fraction becomes significant, however. 

The ingestion of glucose appeared to have no significant effect on steadiness 
test performance. The scores for the glucose flights at 12,000 and 18,000 feet 
are almost identical with the scoi'es obtained in the normal flights at these 
altitudes. 

0. Inspired Carbon Dioxide at 16,000 Feet. The effect of addition of 6 per 
cent carbon dioxide to the inspired air at altitude is well illustrated by figure 5. 
On tliis diagram is plotted the time course of change in alveolar composition 
during the experiments of series VIII. (For data see table 3.) 

During the initial ten minute period of normal air breathing at 16,000 feet, 
the ahmolar R.Q. is always above 1.0 but steadily drops as does the alveolar 
pOo. The ventilation also gradually decreases. With the introduction of 6 
per cent CO 2 in air the alveolar pCOj rises bj'^ about 10 mm., and the R.Q. drops 
because CO 2 is being retained by the body. This rise in PCO 2 is accompanied 
by an increase in ventilation Avhich, in turn, results in a gain of about 4 mm. 
oxj'^gen tension in spite of the high CO«. For a theoretical discussion of this 
phenomenon see Fenn et al. (1946) or Gray (1944). the end of 10 minutes of 
COo breathing the R.Q. has risen to a nonnal level of 0.85 indicating the ap- 
proach of a new steady state. 

Attention should be called to the fact that upon addition of 6 per cent CO 2 
to air the inspired O 2 tension at 16,000 feet is reduced Iw 5 mm. Hg. If the in- 
spired O 2 per cent had been kept at 20.9 per cent the addition of 6 per cent CO 2 
Avould have resulted in an ahmolar oxygen gain of 5 mm. Hg above that observed 
and Avould have resulted in an increased oxjdiemoglobin saturation of 3 per cent. 
HoweA'er, from a practical standpoint, the substitution of the same volurne of 
O 2 for CO 2 would increase the inspired Oa to 25.6 per cent i-epresenting a gain of 
17 mm. Hg in the alveolar air without the concomitant Ityperventilation. 

Dur'mg the recoveiy period on air the reverse changes occur and at the end of 
10 minutes the alveolar composition is about the same as immediate!}" before the 
introduction of CO 2 . Had the whole 35 minutes been spent on air, the alveolar 
pCOo and pOa would probably have continued to drop. The alveolar composi- 
tion at the end of 35 minutes in the experiments of series 11 (normal flights to 
16,000 ft.) is indicated on the chart by a solid circle. 
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The lines of equal ventilation, ^^a, plotted in figure 3 represent only the alveolar 
ventilation. According to the chart the addition of 6 per cent CO 2 increased 
the ventilation from about 10 to about 13 liters per minute. In theory these 



Fig. 5. The effect of 6 per cent carbon dioxide in the inspired air on the alveolar pathway 
at 16,000 feet. 

Ordinates; Alveolar carbon dioxide tensions in millimeters of mercury. 

Abscissae: Alveolar oxygen tensions in millimeters of mercury. 

Parallel diagonals: Isoventilation lines for alveolar ventilations of 10, 12, and 15 liters 
per minute constructed from equation (19) of Fenn, Rahn and Otis (1946) using a value of 
346 cc./min. for the oxygen consumption. 

Converging diagonals; Lines of constant alveolar R.Q. located by use of equation (6) 
from the same source. 

Thesolid R.Q. lines apply to air breathing, the broken lines to breathing 6.0 per cent CO 2 . 

The location of each circle indicates the composition of the alveolar air at the elapsed 
time in minutes indicated by the number in the circle. Plain circles refer to air breathing, 
and starred circles to COj breathing. The solid circle indicates the composition of alveolar 
air at the end of 35 minutes in the experiments of series III. 

values apply to any subject at an altitude of 16,000 feet who has an oxygen con- , 
sumption of 346 cc. per min. The approximate accuracy of these calculated 
values is indicated by the observed average values in table 4 which show that 
the total ventilation increased from 12.14 to 15.37 l./min. as a result of the added 
CO 2 . With an assumed dead space of 210 cc. this means an increase of alveolar 
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ventilation from 10.04: to 12.64 l./min. (cf. 10 and 13). With a slightly greater 
increase in ventilation the arterial saturation in the 6 per cent CO 2 period would 
have been greater than in the control but in this case there was on the average no 
essential change. The large increase in PCO 2 however enabled the subject to 
attain a higher alveolar PO 2 than would have been possible had he remained 
longer at the same altitude, breathing air. 

SUMMARY 

1. The alveolar air composition, ventilation volume, breathing rate and oxy- 
hemoglobin saturation were recorded continuously and heart rate and hand 
steadiness intermittently on 8 subjects in 88 man flights- (a) to altitudes of 12, 
16, 18, 20, and 22 thousand feet; (b) to 12 and 18 thousand feet with and without 
previous administration of glucose; (c) to 16 thousand feet with muscular work, 
and (d) to 16 thousand feet with the addition to the inspired air of 6 per cent 
CO 2 . • 

2. The respiratory data illustrate the increase in R.Q. and gradual return to 
normal during the hour at altitude as well as the subnormal R.Q. and return to 
normal during I'ecovery. The time course of these changes is illustrated on a 
PO 2 -PCO 2 chart. 

3. The increased i^entilation at altitude was accomplished bj^ increase in tidal 
volume only, except at the 22,000 foot altitude. Ventilation was maximum 
during the first five minutes at altitude. 

4. Heart rates showed an immediate increase on exposure to altitude, and 
dropped toward normal with continued exposure. 

5. Hand steadiness showed a barely significant change at 12,000 feet, and grew 
progressively worse Avith increasing altitude. ■■ 

6. The most conspicuous effects of previous glucose ingestion were an increased 
R.Q. and an augmented heart rate. 

7. A given amount of muscular work increased the ventilation more at 16,000 
feet than at ground level, but lowered the alveolar pO^ by the same decrement 
under both conditions. 

8. Addition of 6 per cent CO 2 to the inspired air at 16,000 feet increased the 

alveolar pC02 10 mm. and the PO 2 4 mm. 

9. Alveolar samples obtained by the continuous method show a higher p02 
and a lower PCO 2 than those obtained by forced expirations, but the discrepancy 
becomes less as the altitude increases. 
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It has recently been found that the magnitude of both the decrease in tloer- 
ance for insulin and the atrophy of the adrenal cortex increased, Avhen, in addi- 
tion to removal of the pars anterior and the posterior lobe, the tissue of the 
hypophysial stalk was progressively encroached upon (1). It was also reason- 
ably certain that these functions were not mateilallj’' affected bj’' total removal 
of the pars anterior tissue, providing sufficient stalk tissue was left undisturbed. 
From these observations, it was concluded that hypophysial stalk tissue, pre- 
sumably the pars tuberalis, possesses the abilitj’’ to elaborate the autacoids 
which normally maintain these functions. 

The question was immediately raised as to whether the elaboration of these 
autacoids was specifically limited .to stalk tissue, or whether such elaborating 
powers were common to both the pars tuberalis and the pars anterior. 

In the event the former situation obtains, removal of the major portion of 
the stalk tissue, in spite of a sparing of distal pars anterior tissue, should pre- 
cipitate the same degree of deficits which is encountered following near-total 
hypophysectomy (1). If the latter situation obtains, this procedure should he 
accomplished without precipitating noteworthy deficits. 

This report describes the results obtained in a small series of dogs in which 
such a selective removal of the hypophysial stalk tissue was accomplished, 
and in which the results are unequivocal. 

Methods. Operative procedures. After the right lateral aspects of the 
hypophysis, the stalk, and the hypothalamus were exposed bj'’ the subtemporal 
approach, as previously described (1), the stalk tissue was removed in one of 
the following two ways. 

In the first part of the series the stalk was cut distallj'' with one snip of the 
scissors so that a good rim of pars anterior tissue remained attached to the 
stalk tissue (see line 2, fig. lA). A small metal disc was then placed against 
the cut surface of the isolated hypophysial tissvie to protect this tissue from 
the heat of the cauterization probe. The stalk tissue left dangling from the 
h^'^pothalamus was then cauterized. 

This method was soon discarded because of 1, the uncei'tainty of devitalizing 
all the stalk tissue, and 2, the frequent encroachment upon the tuberal portion 
of the hypothalamus. Instead, after the stalk is cut with one snip of the scis- 
sors as close to the hypothalamus as possible (see line 1, fig. lA), a second cut 

^ Aided by a grant from the John and Marj' R. Markle Foundation. 
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Fig. 1. Schemata illustrating the surgical procedure attempted and the surgical results 
attained in several of the dogs. 

In A is shown the schema of a sagittal section through the hypoph}'sis and hypothalamus 
of the dog, upon which lines 1 and 2 are superimposed to indicate the relative position of the 
two scissor cuts made through the stalk. The tissue between the two lines was removed as a 
surgical specimen or destroyed by cautery in the stalk removal procedure. The exact pla- 
cing of the scissor cuts, of course, varied, as did the disappearance of tissue bordering the 
scissor cuts due to disturbances in blood supply. 

In B, C, D, E, and F, the blacked-out area is the estimated’ amount of and location of the 
hypophysial tissue found to be absent, as determined from inspection of representative 
sections taken from the series on these dogs. 

B. Location and extent of the lesion in dog 1. Note that only a small pro.ximal fragment 
of tuberalis and infundibulum tissue remained attached to the hypothalamus. See figures 
2A and 3A. 

C. Location and extent of the lesion in dog 2. Note that only a very small fragment (pos- 
teriorly) of the pro.ximal tuberalis remained, but that rathera large fragment of the proximal 
infundibulum tissue remained undisturbed. In this dog, the edges of the two scissor cuts 
are readily seen on the section, but it is to be noted that considerable of the tuberalis tissue 
disappeared proximal to section 1 . See figures 2B and 3B . 

D. Location and extent of the lesion in dog 3. Note that only a very small remnant of 
the proximal tuberalis and infundibulum remained attached to the hypothalamus. Also, 
that there was considerable disappearance of the hypophysial tissue distal to scissors cut 
no. 2. See figures 20 and 30. 

E. Location and extent of the lesion in dog 4. Note that some tuberalis and infundibu- 
lum tissue remained attached to the hypothalamus. Also that the entire posterior lobe was 
absent except for a few small islands of intermedia tissue. See figures 2D and 3D. 

F. Location and extent of the lesion in dog 5. Note that there was a small fragment of 
the tuberalis and infundibulum left attached to the hypothalamus anteriorly, and that there 
was a just perceptible gross infringement upon the h 3 'pothalamic tissue posteriorljL Also 
that only the extreme distal portion of the pars anterior tissue remained viable. See figures 
2E and 3E. 
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is made through the proximal portion of the pars anterior (see line 2, fig. lA). 
The tissue freed by the two cuts is picked up as a surgical specimen and stored 
in formalin fbr reference. This procedure prevents encroachment upon the 
hypothalamus, as well as leaving attached to the hypothalamus more than a 
remnant of the proximal stalk. . 

Tissues. The routine handling and staining of tissues has been previously 
described (1). 

Results. Accomplislunent of operative objective. The selective removal of 
the hj'pophysial stalk tissue was attempted in 15 dogs. The hypophysial 
stalk tissue, except for small fragments of the proximal tuberalis and infundib- 
ulum which remained attached to the hypothalamus, was successfully removed 



Fig. 2. Insulin tolerance, curves for dogs 1 to 6. Compare with figures 1 and 3. 


in 11 of the 15 animals. Three of these were complicated by a slight infringe- 
ment upon the hj’^pothalamus. In the remaining 8 dogs the hypothalamus 
remained imdisturbed; accordingly, the operative objective was accomplished 
in 8 animals. In all of these a sizable portion of the isolated pars antenoi 
tissue remained viable, but the estimated percentage of the total amount a aiied 
considerably, as is shown by the schemata in figure 1. 

Tolerance for insulin. Five of the eight dogs successfully toleiated o oi 1 
unit of insulin per kilogram of body Aveight, and according^ they shoAA ed no 
appreciable change from the normal in this function. The three remaining 
dogs exhibited a definite decrease in insulin tolerance (5 to 20 times), but t is 
Avas far from maximal (80 to 200 times). The results of the assay of insu in 
tolerance in fiA'e of these dogs are showm in figure 2. The operative results on 
these same dogs are shoAA-n in figure 1. 

Adrenal cortex size. At autopsy the adrenal glands of all eight dogs Aieie 
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■\vithin wliat might be considered to be the normal range in over-all size, shape, 
color and thickness of the cortex. Although partial atrophy was suspected in 
some cases, certainly in no instance was there anything akin to the degree of 



Fig. 3. Photographs of the left adrenals of dogs 1 to 7. Compare the over-all size and 
the width of the cortex of each gland with the other glands, but particularly with the one in 
G, where cortical atrophy was maximal. In making these comparisons, keep in nund the 
weights of the individual animals. 

A. Dog 1, at the time of operation, was an adult female w'eighing 10 kgm. It was main- 
tained 4 months after the stalk removal operation, at which time it weighed 13 kgm. See 
figures IB and 2A. 

B. Dog 2, at the time of operation, was an adult female weighing 10.5 kgm. It was main- 
tained for 25 months subsequent to the stalk removal procedure, at which time it weighed 
10 kgm. See figures 1C and 2B. 

C. Dog 3, at the time of operation, was vrhat was Judged to be a three-fourths grown fe- 
male puppy, but exact age was unknown, weighing 4 kgm. It was maintained for 14 months 
after the stalk removal procedure. At the time of pancreatectomy performed 56 weeks after 
the first operation, the dog weighed 6 kgm., and was sexually mature. See figures ID and 
2C, 

D. Dog 4, at the time of operation, was a sexually immature “senior pup”, weighing 7 
kgm. It was maintained for 10 months subsequent to the stalk removal procedure, at which 
time the animal was still sexually immature and weighed 7.5 kgm. See figures IE and 2D. 

E. Dog 5, at the time of operation, was a sexually immature female “senior pup” weigh- 
ing 5.5 kgm. It was maintained for one year after the stalk removal procedure, at which 
time it was still sexually immature and weighed 7.5 kgm. See figures IF and 2E. 

F. Dog 6. In this dog an ordinary hypophysectomy was attempted and one intermediate 
between a near-total and an ordinary one was attained. At the time of operation, it was an 
adult female weighing 8.5 kgm. It was maintained for 49 postoperative weeks, at which 
time it weighed 10 kgm. See figure 2F. 

G. Dog 7. The operation attempted and attained in this dog was an extreme near-total 
hypophysectom 5 '. At operation it was an adult female weighing 9.5 kgm. Subsequent to 
operation, anterior lobe extract (Parke-Davis) and adrenal cortex extract (Upjohn) were 
administered daily for short intervals on several occasions. The dog died in a crisis 8 
months after operation, at which time it weighed 8 kgm. 

atrophy which is routine^ encountered in the chronic near-total hypophysec- 
tomized preparation (1). These features are apparent from the photographs 
shown in figure 3. 

Adrenal cortical funclion. In no animal was there any outward manifestation 
of adrenal hj^pofunction. If partial cortical atrophy was present, cortical 
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function was not reduced in an 3 ’- instance to anywhere near a critical level. 
This was evidenced by the fact that these animals 1, withstood the relati^^ely 
severe surgical stress of pancreatectomj’- mtbout untoward effects, and 2 , 
they tolerated an environmental temperature of 5°C. for an eight-hour period 
■\^uthout showing any deviation from the normal in rectal temperature. Such 



Fig. 4. Icebox test curve for dog 3. The test was run 49 weeks after operation. 


a test for dog 3 is shown in figure 4. Both the environmental temperature 
tests and the pancreatectomies* were canied out several months after the 

- The functional effects of pancreatectomy in this series have been interesting in two 
respects. First, of two animals which had lesions that appeared to be homologous, one 
exhibited typical diabetes mellitus (dog 1; see figs- IB, 2A, 3A), while the other (not 
illustrated) {bxhibited a near-maximal Houssay effect. The other anim.als of the scries 
exliibited diabetic levels between these two extremes, but a tendency toward the Houssaj 
effect predominated. The animal exhibiting the near-maximal Houssay effect displayed no 
noteworthy deviation from the normal in any other function, save that of having a hyper- 
active sex drive (male). 

The other feature of considerable interest, which has been encountered in this as well as 
in related series, is the apparent selective dissociation of post-pancrcatectomy disturbances 
in carbohydrate metabolism from those of fat metabolism. Thus we have a few isolated 
protocols where the dogs developed no post-pancreatectomy hyperglycemia or glycosuria, 
but severe acidosis developed progressively and rapidly with death occurring in G to 10 days; 
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hypophysial surgical procedure, thus allowing more than adequate time for 
possible deficits to become fully developed and stabilized. 

Discussion and conclusions. Gross delimination of elaborating iissne. It is 
evident that elaboration of the hypophysial principles, which maintain the 
adrenal cortex and its functions and the abilitj’' of an animal to tolerate normally 
a dose of insulin, is not restricted to the stalk tissue. Conversely, it is equally 
evident that the distal tissue of the pars anterior possesses these elaborating 
powers. According^, the possibility that we might be dealing with an over- 
lapping of tuberalis elements into the proximal portion of the pars anterior is 
ruled out. It is also evident that a relatively small amount of pars anterior 
tissue is capable of maintaining these functions within what is considered the 
normal range. 

The question of the elaborating elements. The question naturally arises, 
“What are the cellular elements which are responsible for the elaboration ..of 
the endocrine factors under consideration?” As yet our histological studies 
have 3 delded nothing approaching a definitive answer. However, it might 
not be amiss to comment that in nondifferential staining procedures, the chro- 
mophobic population of the pars anterior does not differ radicallj’’ from the 
predominant cellular population of the pars tuberalis. Save for the delimiting 
line made by the prominence of the acidophiles in the pars anterior and their 
abrupt sparsitj’' in the pars tuberalis, even following differential staining pro- 
cedures, it still remains a problem to ascertain histologicallj’' the exact line of 
demarcation between these two subdivisions of the adenohypophysis in the 
dog. Also, on the basis of a few isolated but distinctive protocols taken from 
our series, it appears that sex deficits and dwai-fing can be precipitated bj'' the 
stalk removal procedure without noteworthy'’ deficits in carbohydrate and 
adrenal functions. Histologically^ the isolated remnant of the pal’s anterior 
exhibited 'marked variations in the basophilic' and acidophilic elements, but 
no noticeable deviation from the normal in the chromophobes. On the basis 
of these observations, we, momentarily' at least, are thinking in terms of the 
responsible elaborating elements as being aligned with the chromophobic cellu- 
lar population of the adenohypophysis rather than with the acidophilic or 
basophilic elements. We are aware that currently the chromophobe cells are 
not allocated a secretory'’ function (2), but we see no convincing reason for dis- 
counting such a probability. In fact, we are also inclined to think problem- 
aticalty in terms of there being functionally several types of chromophobic 
cells even though histologically’’ they are indistinguishable. How else can one 
explain the selective dissociation of the various hy'^pophy^sial deficits — resulting 
presumably from surgical sequelae — ^following graded hypophysectomy pro- 
cedures? 


and in other instances there occurred a typical maximal hyperglycemia and glycosuria, but 
no corresponding acidosis. 

These findings must, of course, be checked carefully in a much enlarged series of animals 
but they are sufficiently striking and problematically suggestive to warrant mention in this 
connection and in this manner. 
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Correlation between decrease in msulin tolerance and atrophy of adrenal cortex. 
There has been a good deal of speculation pertaining to the relative parts played 
by the direct effect of hypophysial absence and the indirect effects of adrenal 
cortical atroplty in the over-all decrease in insulin tolerance following h 3 ’'pophy-' 
sectomjL In this connection, it is pertinent to ' call special attention to the 
profound decrease (200 times) in insulin tolerance which obtained in dog G 
(fig. 2F) in the presence of only a moderate atroplty of the adrenal cortex (fig. 
3F). Here is an instance where there was essential^ a complete dissociation 
of these two Itypophj’^sial functions. 

SUMMARY 

The tissue of the hj’^pophysial stalk Avhich is removed in executing a near- 
total hypophysectomj' was removed Avith a sparing of a sizable amount of the 
distal pars anterior tissue in 8 dogs (stalk removal procedure). 

Most of the dogs subsequently showed no noteAvorth^’ deviation from the 
normal in 1, the size of or the function of the adrenal cortex, and 2, the ability 
to tolerate one-half to one unit of insulin per kilogram of body Aveight admin- 
istered subcutaneousty. Some atrophy in the adrenal cortex AA'as suspected 
and a decrease in insulin tolerance AA'as definite in a feAv of the animals, but in 
no instance did these deficits approach in magnitude those AA'hich are routinel.v 
encountered in the near-total hypophysectomized dog. 

On the basis of these results and those previousl}' published (1), it is concluded 
that the hypophysial control over the adrenal cortex and the over-all carbo- 
hydrate reserves (as reflected bj’’ insulin tolerance) are mediated b 3 ' elements 
located in the cellular population of both the pars tuberalis and the pars anterior. 
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Previous studies (2, 3, 4) have indicated the existence, in man, of pools of 
spinal extensor motoneurons which are in a state of enduring excitation, as 
reflected in low reflex thi-esholds. These were reproducible over periods of 
months. Persistent differences in threshold were found from subject to sub- 
ject, among segments of the same subject, and between sides of the same segment. 

This paper reports the following: a, the correlation of reflex threshold with 
other segmental features, and b, the intersegmental spread of excitation. Pre- 
vious observations of threshold differences w-ere confirmed with improved 
technics. 

Methods. All the subjects w'ere young men apparently in good health. 
Each electrode, a bare 1 inch 25 gauge hypodermic needle, was inserted perpen- 
dicularly to the skin, through a procaine W'heal 3 cm. to the left of the tips of 
the spinous processes ‘T4, Te, Ts, and Tio, into the underljing erector spinae 
mass. Each muscle electrode w'as coupled with another 25 gauge needle which 
w^as inserted intradermally through the wheal. This type of electrode pairing 
permitted a higher degree of localization and sensitivity than the previous 
practice (2) of pairing 2 electrodes in muscle, 1 segment apart. Action poten- 
tials were recorded as previously described (2). 

The reflex threshold of a given segment w^as obtained bj'- determining the 
lowest pressure, applied over the spinous process of that segment, which ehcited 
spike potentials from the spinal extensor at the same level.- Measured pres- 
sure stimuli w'ere applied over the spinous process by means of the pressure 
meter pre-sdously described (2). To simplify tabulation, responses to pressure 
stimuli Avere grouped and designated as folloAA's: 1-2 kgm. Low (L); 3-5 kgm. 

^ These studies were supported by grants from the Eeseareh Fund of the American 
Osteopathic Association. 

- It is not intended to imply that the sensory fibers at the spinous process and motoneu- 
rons of the muscle at that level both emerge from the same segment of the cord, since such 
an anatomic relationship has not been demonstrated. It is probable, however, that a given 
spinous process bears a closer neural relationship to neighboring muscle segments than 
remote ones and that there is more or less parallel segmental “spacing” in the cord. 
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Medium (M) ; 6-7 kgm. High (H) ; and no activity'-at the top hmit (7 kgm.) of 
the stimulator, None (N). In figure 1, however, the actual thresholds are 
given. 

In addition to establishing the local threshold for each of the four segments, 
the pressure reo[uired at each of the four spinous processes to elicit reflex actiidty 
from each of the other three recording sites was determined. In every ex- 
periment, therefore, the thresholds of 16 related reflex pathways ivere established. 
These furnished the data also for determining the extent and facility of spread 
of excitation among the segments studied. 

Results. Part I. Threshold Differences; Segment to Segment and Subject 
to Subject. Figure 1 (arrows are to be disregarded until a later section) shows 
the differences in (local) threshold that may exist among the 4 selected seg- 
ments of a given subject, and among corresponding segments in different sub- 
jects. Thresholds of 1-5 kgm., called L and M in other charts, occur most 
frequently at T4 and Te and thresholds of 6 kgm. and more (H and N) at Ts 
and Tio. 

Constancy of Reflex Thresholds. Thresholds remained essential^ constant 
over periods of months. The largest difference between duplicate determina- 
tions was equivalent to one threshold group and even this difference was not 
common. 

Threshold Differences Between Right and Left Sides. In a previous study on 
30 subjects (2) it was shonm that the mean threshold-segment curves of the 
right and left sides did not coincide, considerable divergence occurring at some 
levels. Two experiments, ndth the improved electrode technic introduced 
in this study, confirmed the existence of threshold differences between the 
right and left side of the same segment. 

In one experiment, the threshold of Ts was N (over 7 kgm.) for the right 
musculature and, at the same time, 2 kgm. for the left. In the other, the right 
side of Te responded to 1 kgm. of pressure over the spinous process, while the 
left side failed to respond when the top limit of the stimulator (7 kgm.) was 
applied over the same spinous process. 

Location of the Sensory Element. When the periosteum and other tissues 
closely investing the tips of spinous processes of low threshold segments were 
procainized, the thresholds were considerably elevated, often beyond the limit 
of the pressure meter. In contrast, procainization limited to the skin over- 


Fig. 1. All 30 experiments are diagrammed and arranged according to pattern. The 
bold type numeral under each segment represents the “self-threshold” (discussed in part 
1) in kilogram for that segment, e.g., the pressure on the spinous process of T4 required to 
elicit electricallj- detectable activity in the erector spinae mass at T4. The arrows indicate 
the incidence and direction of spread between all possible pairs of segments.. The number 
on each arrow indicates the pressure applied to the spinous process of the segment from 
which the arrow originates, in order to initiate activity in the segment to which the arrow 
points. The absence of an arrow in one direction or the other between a given pair of seg- 
ments indicates that evidence of spread was not obtained within the 7 kgm. range of the 
pressure meter. Thus, between a given pair of segments, dependent upon factors which 
are examined in subsequent sections, there may be no spread, one-way spread, or two- 
way spread. 
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lying the spinous process did not, in any case, affect the threshold. It appears, 
therefore, that important receptors or nerve endings for this reflex are closely 
related to the tip of the spinous process. 

Correlation of Other Characteristics with Reflex Threshold. 1. Pain. Pain at 
the spinous process vas not coimnonlj’- produced in segments having high (H 
or N) reflex thresholds even mth severe pressures beyond the range of the 
stimulator. "V^flien It did occur, it was fleeting and did not. outlast the stimulus. 
In contrast, at L segments (and to a lesser degree at M segments) pain usually 
occurred well udthin the 7 kgm. range, and often outlasted the stimulus. Fur- 
ther, tills low threshold pain was invariably reported as “different” and said 
to resemble that resulting from a “bone bruise”. 

2. Post-iraimatic so7'eness. After repeated stimulation, the spinous process 
of an-L segment often remained tender for more than 24 hours; this did not 
occur at H or N segments. 

3. Differences in physical characteristics of supraspinous tissues. The differ- 
ences in the palpable characteristics of the tissue overlying L and N spinous 
processes are marked, and detectable even by relatively inexperienced observers. 
The differences exist mainly in the skin and in the tissues which closely invest 
the vertebral spines. In the absence of reliable objective methods for the 
study of tissue texture, palpation was relied upon and description given in 
subjective terms. We believe the words “doughy” and “boggy” are the most 
descriptive of the texture and resiliency of the tissues overljdng the spinous 
processes of low threshold segments. In high threshold areas, the tissues are 
not doughy and the bone outlines are sharp and hard. Differences in physical 
palpatoiy features of the adjacent muscles may also be detected. In low 
threshold areas the spinal extensors appear to possess^ less resiliency to pressure 
deformation than corresponding muscles in high threshold segments, and ropy” 
and hyperesthetic bundles ma}’’ often be identified. 

The differences in physical characteristics among the tissues overlying the 
spinous processes of segments of different threshold were sufficiently character- 
istic and marked that palpation of these tissues by an experienced observer 
permitted fairly reliable prediction of pressure threshold groups (L, M, H, or 
N). ^Wien such predictions, made on the 4 selected segments on each of 10 
subjects, b}"" one of us (J. S. D.) were compared vdth the independently de- 
teimined electrom^mgraphic findings the predictions were found accurate, 
respect to threshold group, in 35 out of the 40 vertebrae palpated; the remaining 
5 were off by only 1 threshold group. 

4. “Rest activity”. Normal muscle, completely at rest, is characterized bj'' an 
absence of action potentials (1, 2-5, 7, 8, 10, 15-17). 

For obtaining electromyograms of the spinal extensors, with the necessary 
needle contacts, the prone position provides optimal relaxation. Despite 
apparent relaxation of subjects “rest actmty”^ w^as frequentlj’’ encountered at 

’ This term, used b3' Buchthal and Clemmeson (1) to designate acti\dt}' in the absence 
of voluntary' effort is to be preferred over “spontaneous activitj'”, used in previous reports 
from this laboratorj', since the latter maj' incorrectlj'' implj^ that the acti\'it> originates 
at the motoneuron itself. 
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low or medium threshold segments. It was often necessary to position and 
reposition the shoulder girdle, upper extremities, head, and at times the lower 
extremities, or to calm the restless or apprehensive subject, in order to eliminate 
rest activity. 

In our series four experiments had to be terminated because of persistent 
rest activity at one or more segments. Each of the four subjects at another 
time served in a successful experiment in which rest activity was eliminated. 
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Fig. 2. Progression of spread. For explanation see text. The number on each arrow 
indicates the number of times that spread occurred in that direction between that pair of 
segments in the 30 experiments diagrammed in figure 1. 


In all cases the persistent rest activity was found at L or M segments. One of 
the subjects, during the unsuccessful experiment, was perturbed by illness of 
his child; one was much more apprehensive than the average subject, and two 
walked with a limp, due to poliomyelitis in one and an old injmy in the other. 

Occasionally, one or more units in an L segment fired during inspiration or 
expiration. Usually this intermittent acthdty was not long lasting and could 
be eliminated by the same measures which were effective on ordinar3'' rest 
activitj'. 
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Apparent “rest actmty” was only verj'^ rarel}’' encountered at H or N seg- 
ments, and was always easily abolished by correction of some positional stress. 

Thus, low threshold segments are apparently hyper-excitable, not only to 
pressure stimuli applied to the corresponding spinous process, but also, to 
impulses reaching them from higher centers and from proprioceptors. 

Part II. In part I, observations have been presented concerning the re- 
sponse of segments of the erector giinae muscle to pressure stimuh applied to 
corresponding spinous processes. In this section obseiwations are reported on 
the responses in muscle segments to stimulation of remote spinous processes, 

i.e., on observations of irradiation or intersegmental spread of excitation. 

Spread Patterns. Incidence and distribution of spread among the four 
segments fell into five distinct patterns or groups (fig. 1 ). 

1 . Order of spread. There is a definite order to the frequencj’' vdth which 
the different arrows appeared in the series of 30 experiments. We consider 
that these frequencies are an index of 1 , the probabilitj’’ of spread in a given 
direction between a given pair, and 2 , the order in which spread tends to appear 
in the progression toward “complete reciprocity" among the 4 segments. This 
progression and the frequencies are shown in figure 2 . 

2. Segmental level. The upper 2 segments participate in spread with sig- 
nificantly greater frequency than the lower two. The number of arrows (figs. 
1 , 2 ) to and from each segment were as follows; 

T 4 - 88 ; Ts- 92; Ts- 69; Tio- 47' 

It vill be noted (fig. 1) that when onW 2 segments are involved in spread 
they are invariablj’- the upper two (T 4 and Te) ; when only 3 are involved, they 
are the upper 3. 

3. Segmental threshold. Frequency of spread to and from a given segment 
is inversely related to threshold. No-spread pairs consist predominant!}'' of 
H and N segments; two-wa}^ spread pairs consist pi-edominately of L and M 
segments; and the one-way spread pairs exliibit intermediate tln-esholds. 

4. Segmental intervals. (Distance between the members of a pair.) The 
incidence of spread declines ndth increasing distance between segments. The 
relation of thresholds and of segmental intervals to incidence of spread is shown 
in figure 3. 

5. Direction of spread. Figure 2 shows that incidence of cephalic spread far 
exceeds that of caudal spread (except for a slight caudal predominance between 
Ts and Tio). Of 32 cases of one-way spread (fig. 1) 29 are cephalic. Furthei, 
where there is two-way spread, the thresholds for cephalic spread are pie- 
dominantly lower than those for caudal spread. 

•• Since Tj and Tio are the terminal segments in the arbitrarilj' selected scries of segments 
they are at a relative disadvantage as regards spread. However, were the series e.vten 0 o 
include T- and Tu, segments To and Ts, as well as Tj and Tio, would also show incre.ase 
participation in spread. T4 would probably show the largest increase of all, certain y 
larger than that of Tio- The relative superiority of the upper segments of the senes wou 
remain. 
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Our anatysis of the data indicates that preferential cephalic spread is an 
intrinsic feature of these reflexes and that the greater facility for cephalic spread 
exists regardless of whether the threshold of the superior segment (of a given 
pair) is lower than, higher than, or the same as that of the inferior segment. 

In view of the fact that L’s and M’s are predominantty in the upper seg- 
ments, this may be related to the intrinsic directional factor. Nevertheless, 



1 'way 2woy No 2 woy No iwoy away 

spread -spreod spread spread spreod spreod spread spread spread 


2 SEGMENTS APART 4 SEGMENTS APART 6 SEGMENTS APART 

Fig. 3. Influence of distance and threshold on spread of excitation. Individual seg- 
ments appear in the graph as many times as they can be paired, e.e.g., Tj and Tio are 
paired with levels 2, 4, and 6 segments apart; and Te and Ts twice witli levels 2 segments 
apart and once with levels 4 segments apart. The cross-hatching code designates the 
number of segments in L, M, H or N categories. Thus, for example, of the segments show- 
ing no spread at a 2 segment interval, 4 were M, 7 were H, and 69 were N. 

the fact remains that, in our experiments, the reflex muscular responses of L 
and M segments were relatively easity evoked by stimulation of the spinous 
processes of remote H or N segments; spread in the reverse direction was un- 
common. Stimulation of the N spinous process not onty failed to elicit re- 
sponses from muscles of the same segment, but also those of (N or H) segments 
which inteiwene between it and the responding L segment. (Expts. 35, 22, 
2S, 36, fig. 1.) 
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Selective spread of excitation to L segments was further demonstrated by 
the application of slight tactile stimulation to remote areas of skin (e.g., shoulder 
or scapula) whereupon activity frequently appeared in L segments, but never 
in others. 

6. Procainization and spread. It is of interest in this connection, although 
our observations are as yet few, that while procainization of the spinous process 
of an L segment raised the self-threshold beimnd 7 kgm., the reflex responsive- 
ness of that segment to stimulation of other spinous processes remained un- 
changed. 

Discussion. These experiments confirm, in location and degree, that 
significant subject-to-subject and segment-to-segment differences in spinal 
reflex thresholds occur' in the “normal” human. 

The data indicate that differences in pressure thresholds reflect differences 
in central facilitation, and that the facilitation is due to a bombardment of the 
motoneurons by impulses originating, in part at least, from points other than 
the spinous process which was the site of stimulation. The evidence may be 
summarized as follows: 

1. The L and M segment shows hyper-excitabilit 5 '' to local and distant stimu- 
lation including that from N segments. Impulses from an N spinous process 
may bypass motoneurons in intervening high threshold segments to activate 
motoneurons in the ventral horn of a more distant L or M segment. 

2. The effectiveness of pressure at the spinous process of N segments in 
eliciting actmty from remote L or M segments is not ascribable to mere facili- 
tation of continuous impulses from the spinous processes or supraspinous tissues 
of the L and M segments, since at least from our limited observations, the 
responsiveness of an L segment (to distant stimulation) is unchanged by pro- 
cainization of the tissues closely investing its spinous process. 

3. Spread to L segments is much more frequent than spread from L segments. 

4. L segments are hyper-excitable to impulses other than those originating 
from external stimulation; “rest activity” is common in these segments. 

5. Right and left sides, at the same level, may show strikinglj’' different 
thresholds to pressure at the same spinous process. 

Lloyd’s studies (11, 12), with facilitating volleys, of the quantitative re- 
lationship between subliminal fringe and the discharge zone in the cat have 
led to his conclusion that (11) “It is unlikely therefore, that an}’’ significant 
number of motoneurons are close to or at threshold in the resting pool, for, 
there were, the first afferent impulses to enter the pool should secure a post- 
sjmaptic discharge”. His work demonstrated that a motoneuron pool, in t e 
absence of a facilitating or test volley or both (to the dorsal root), is lesting. 

This resting state represents a check on the far-flung interneuion system 
and, in effect, insulates the final common path against firing ever}' time an 
afferent impulse reaches the pool. 

A^Tiile such a mechanism certainly exists in man and while Lloyd has em 
onstrated it in experimental preparations where complete control of facilitating, 
inhibitory and test volleys can be maintained, our obseiwations indicate t a 
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in “normal”, intact man it is possible to have quite a different situation. Not 
only may different pools, in close anatomic proximity, show different (and 
constant) degrees of closeness to threshold but, indeed, certain pools may be 
at, or above, threshold (rest activity) in the absence of external stimulation. 
Since Lloyd has demonstrated that a considerable portion of the cells in a 
motoneuron pool must be in a state of subliminal excitation before discharge 
from that pool occurs, it seems apparent that reflex thresholds (measured by 
the pressure meter) are a measure of the size of the subliminal fringe or of the • 
degree of facilitation maintained at a given spinal segment. Thus a 1 kgm. 
segment has such a large subliminal fringe that relativelj’- few additional 
impulses reaching it (from any source) udll extend it into the discharge zone. 

In addition to the demonstration of central facilitation, correlation was 
found among a, the reflex threshold; 6, the palpable characteristics of supra- 
spinous tissues; c, the susceptibility of those tissues to lasting soreness following 
minor trauma, and d, the pain threshold (and pain characteristics); the basis 
for this correlation has not yet been learned. 

An attractive possibility which might account for this relationship is that in 
a given segment there are pools of neurons other than anterior horn cells that 
are also facilitated and that their hyper-activity, through trophic, vasomotor 
or other influences, produces the observed changes in the tissue. 

The lower resistance to minor trauma and to painful stimuli may be secondarj’' 
to the tissue alterations. Certain similarities to the nocifensor tenderness 
described by Levis (9) are indicated. The possibility remains, however, that 
the lowering of the pain threshold may also be due, in part at least, to central 
facilitation. 

The facilitation indicated in the low threshold pool may explain what Mac- 
kenzie (13, 14) referred to as exaggerated responses in an area of “irritable 
focus” and, by direct evidence, establishes the latter at either the interneurons, 
the motoneurons, or both. Hinsey and Phillips (6), in connection with referred 
pain, have also translated the “irritable focus” into terms of facilitation. 

The final question to be asked in connection vdth the present observations is 
concerned with the origin or origins of the impulses which facilitate the low 
threshold pools. Several sources suggest themselves; the higher centers, 
viscera, proprioceptors (i.e., joints, tendons, ligaments or muscles). In these 
experiments, however, the high degree of constancy and especiall}’’ the liigh 
degree of localization — to one or two segments, the frequent differences in 
threshold of right and left side of the same segment, and the absence of psy- 
choncurotic and visceral symptoms in our subjects would seem to rule out the 
first two as major sources.^ We are inclined to believe that, the facilitating 
impulses arise from segmentally related structures. 

® This is not to deny that psychogenic or A’iscerogenic impulses maj' significantly affect 
segmental thresholds. Our own experiments demonstrate that apprehensiveness, anxiety, 
transient illness, etc., may cause widespread lowering of thresholds. In our subjects 
these infiueuces appear to have been superimposed on the primary, and more constant 
factors influencing thresholds. ’ 
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SUMMARY 

1. The reflex responses of the erector spinae muscles to measured pressure 
applied to the spinous processes at selected spinal segments were studied. The 
existence of constant differences in reflex thresholds of segments in different 
subjects, and from segment to segment and from side to side in the same sub- 
ject, has been confirmed. 

2. Low threshold segments showed reflex Ityper-excitability to pressure 
upon the corresponding spinous processes, to pressure upon the spinous proc- 
esses of distant, liigh tlireshold segments, and to impulses from proprioceptors 
associated with positioning, from remote areas of skin and from the higher 
centers. 

3. It is concluded that low threshold segments are those in which a relatively 
large portion of the motoneurons are maintained in a state of facUitation due 
to a chronic bombardment by impulses from some unknown source. Pre- 
sumptive evidence indicates that the facilitating impulses arise from segmentally 
related stractures. 

4. Correlation of motor reflex threshold vdth a, pain thresholds; b, suscepti- 
bility of supraspinous tissues to minor trauma, and c, with tissue texture, has 
been demonstrated. This suggests that neurons other than the motoneurons 
in the low threshold segments may be simultaneously facilitated. 
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Our studies on the peripheral circulation of animals subjected to hemorrhagic 
and traumatic shock have emphasized the development of characteristic dis- 
turbances in the terminal vascular bed. These disturbances could be classified 
into two categories: an initial, hyper-reactive response which is compensatory, 
and a subsequent, progressive impairment of the vascular responsiveness, 
which is decompensatory. The precise nature of these disturbances and their 
relative ease of detection have offered a means of determining progressive 
changes in the shock sjmdi'ome in a manner hitherto impossible. Moreover, 
by injecting small quantities of blood of the shocked animals into test rats, it 
was found possible to use these criteria to determine the presence of humoral 
substances in the blood. A preliminary report of this has been published (1). 

Cannon (2), Bayliss (3), Moon (4) and others had proposed the concept that 
the blood carries principles which either initiate or contribute to shock condi- 
tions. However, no one has hitherto been able to substantiate this concept 
because the criteiia used, such as blood-pressure changes and survival, have 
been too gross to serve as evidence. Attempts to produce shock in a normal 
animal by replacing its blood with that of an animal in shock have not clarified 
the problem. Such a procedure involves the removal of large amounts of blood 
from both donor and recipient and this introduces complications which defeat 
the purpose of the experiment. 

The present contribution presents a detailed analysis of the occurrence of 
two types of humoral principles in the blood of animals subjected to a variety 
of experimentally induced shock procedures. 

The findings are based on a technique which involves the responsiveness of 
the terminal arterioles and precapillaries to the topical application of epine- 
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plirine. The method of assaying the vasotropic activity of any given blood 
sample consists of injecting small quantities of the blood into a rat and observing 
the effect on the blood vessels of the exposed meso-appendix. The method has 
two unique features. First, the amount of blood needed for the tests is so 
small, that it can be taken at repeated intervals from the donors vdthout un- 
duly influencing the oligemic aspects of the shock syndrome. Second, the 
reactions of the capillarj’' circulation in the test rat are highly selective and 
seiwe as extremely sensitive criteria for detecting the presence of vasotropic 
principles. 

The investigations described in this paper are based on criteria of structure 
and functional activit 3 ’' of the peripheral vascular components already established 
in detail (5) for a variety of tissues in a large series of normal animals. It is 
necessary to recite here two main features of the normal circulation. One is 
vasomotion, a periodic dilatation and conti’action of the terminal arterioles, 
metarterioles and precapillary sphincters. The other is the existence of a 
precise level of reactivity which the muscular components of the normal capil- 
lary bed show to epinephrine. These are the features which exhibit character- 
istic alterations in the course of the development of the shock syndrome.. 

Two tj^jes of reactions could be distinguished, a vasoexcitor and a vasode- 
pressor, of wliich one, and later, the other were found to predominate during 
the progressive stages of the sjmdrome. The participation of these reactions 
in the shock syndrome serves to explain many of the phenomena v'hich lead to 
and culminate in the collapse of the peripheral circulation. More recently 
(6) it has been demonstrated that the vasoexcitor principle (^TSM) has its 
origin in the kidney and the vasodepressor (VDM) in the liver and in trauma- 
tized skeletal muscle. 

Methods. During the course of studies over a period of years in this labo- 
ratory, shock was produced bj’' a variety of procedures in a total of about 600 
animals. These included 170 dogs and 50 rats which were subjected to hem- 
orrhage, acute and graded (7, 8); 46 dogs, 10 cats, 150 rabbits and 75 rats sub- 
jected to hind-limb tourniquet (9, 10); 150 rats subjected to trauma in the 
Noble-Collip driun (11); and 9 dogs subjected to leg pounding. The last were 
obtained through the co-operation of Dr. M. I. Gregersen and Dr. W. S. Root 
of the College of Physicians and Surgeons, Columbia University. ^ 

Young rats, weighing from 100 to 150 grams were used for testing the vaso- 
tropic activit}’’ of blood samples. Thej'^ were anesthetized by intramuscular 
injection of sodiiun pentobarbital (3 to 4 mgm. per 100 grams of bodj' weight). 
The majorits'’ of the test rats were prepared onb’’ for observing the capillary 
bed of the meso-appendix. Some were mounted for simultaneous observation 
of the circulation in the interdigital web under one microscope and in the ex- 
posed meso-appendix under a second. The interdigital web was used chiefly 
for recording the blood pressure by means of a speciallj' constructed, pneumatic 
inflation cuff around the thigh (12). The record was obtained by noting the 
amount of pressure required to interrupt the blood-flow through the arterial 
vessels in the skin of the interdigital web. 
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The method for exposing the meso-appendix is given in a previous paper 
(5), Essential precautions were a minimal handling of the cecum while 
draping the meso-appendix over a glass horseshoe on the stage of the microscope 
and a rigid maintenance of the exposed tissue at body temperature and in 
constant moisture conditions by means of a drip of warm, Einger’s solution 
containing one per cent ash-free gelatin. 

Two vascular criteria were routinely used during the assay technique. One 
was a change in the responsiveness of the arterioles and precapdlaries to the 
topical application of epinephrine. The other was a disturbance in the inter- 
mittent contraction-relaxation activity (vasomotion) of the metarterioles and 
precapillaries the cycle of which normally varies between 1 to 3 minutes. The 
basic r61e of these two mechanisms in maintaining the capillary circulation is 
indicated by the fact that disturbances in them are immediately reflected by 
changes in blood-flow through the capillary bed. 

The accuracy of the observational method depends upon rigid adherence to 
a procedure for maintaining the exteriorized tissue in a ph^’^siologic state of 
reactivity. Under such conditions the normal reaction of the vessels to epine- 
phrine remains at a constant level for at least 2 to 3 hours. Emphasis must 
be placed on the selection of vessels best suited for the test. The teiminal 
arterioles or metarterioles and the sphincteric, precapillary branches have been 
found to be the most highly reactive components of the bed. The preciseness 
of response of these vessels to epinephrine serves as a specific end-point which 
can be quantitated for the comparative analysis of different blood samples. 
Neighboring vessels in the same capillary bed have their own basic threshold 
levels of reactivity. A necessary precaution, therefore, is to make all the 
observations for a given test only on those vessels whose normal reactivity has 
been previously determined. The minimal threshold of reactivity of the se- 
lected vessels is determined by making successive topical applications of in- 
creasing concentrations of epinephrine until a concentration is reached which 
induces only a narrowing for several minutes just sufficient to occasion a sloping 
but not an interruption of the flow of blood through the network of capillaries 
fed by the affected vessel. 

For each test the epinephrine is freshly prepared from a 1/100,000 stock 
solution. The dilutions are made udth gelatin-Ringer in a 1 cc. tuberculin 
syi'inge. The vascular reaction is observed by temporarily turning off the 
drip of the gelatin-Ringer which bathes the mesentery, and appbdng 3 to 4 
drops of the epinephrine solution to the surface of the mesentery. 

In the normal rat, under pentobarbital anesthesia, the threshold concentra- 
tion of epinephrine was found, in different individuals, to vary between one 
part in one million to one part in six million. Animals were discarded when 
the response to epinephrine was so poor as to require concentrations gi’eater 
than 1 part in one million to produce vasoconstriction. 

Normall 3 ', the vessels continue for several hours to show a uniform response 
to the initially determined minimar effective • concentration of epinephrine. 
When, following the intravenous administration of a test sample, any per- 
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sistent fluctuation was found to occur above or below this initial reactivity, 
the intensity and duration of the effect served as a means for quantitating the 
humoral vasotropic activity of the sample. These vascular effects in the test 
animal were temporary, a feature which distinguished them from non-specific 
toxic effects. By using a statistically significant number of test animals, it 
was possible to quantitate the effect of the humoral principle present. 

Collection and preparation of blood samples for testing. Blood samples were 
collected in 1 to 5 cc. amounts. During the early phases of the work the blood 
was allowed to clot and the serum kept in a refrigerator for 24 hours to allow, 
for the disappearance of vaso-tonic effects which sometimes occur vith freshly 
prepared, normal serum. Later it was found that heparinized plasma was 
equally satisfactory and could be tested immediately. 

Classification of the blood samples. Prior to the injection of the test samples 
one or several arteriolar precapillary units in the meso-appendix were selected 
for observation. The amplitude and rate of their vasomotion was noted and 
the minimal effective concentx'ation of epinephrine determined. 

The serum or plasma (0.5 cc.) was then injected into the tail vein.’ Normal ' 
samples produced no changes in the vascular criteria being studied. 'With 
active samples, the vascular effects generally appeared within two to three 
minutes and persisted for as long as twenty to forty minutes. Some of the 
samples produced changes in blood-pressure corresponding with the vaso- 
excitor or depressor effects observed in the capillary bed. However, in most 
cases, the blood-pressure changes were not sufficiently constant to serve as a 
routine index of vasotropic activity. 

Three categories of activity were recorded: 

1. Neutral. These produce no demonstrable change in the reactivity of the 
capillary vessels. The amplitude and rate of vasomotion and the concentration 
of epinephrine needed to produce a minimal effective constrictor response 
remain the same as prior to the injection. 

2. Vasoexcitor. These enhance the reactivity of the muscular components 
of the capillary bed. The specific reactions in the meso-appendi.x are as follows: 
(a) Augmentation in amplitude and rate of the vasomotion, especially of the 
precapillaries, with an ensuing restriction of circulation in the bed and a by- 
passing of many of the capillaries; (b) heightening of the epinephrine response, 
the vessels reacting to dilutions as high as 1 part in 30 to 40 million (a 10 to 
20-fold change from the normal value). 

3. Vasodepressor. These lower the epinephrine reactivity, depress vaso- 
motion and in some instances lower blood pressure. The following changes 
are observed in the meso-appendix. (a) There occurs a diminished reactivit}'' 
to epinephrine of the arterioles and pi-ecapillaries so that the minimal effective 
concentrations characteristic for the control period now produce no evident 
vasoconstriction or slowing of the capillary circulation. Serum samples, having 
marked vasodepressor properties, frequent^' abolish all response to noimal 
threshold concentrations of epinephrine, (b) There occurs a diminution in 
frequency of vasomotion of the metarterioles and precapillaries. In man} 
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cases the vasomotion remains suppressed for as long as 30 to 40 minutes where- 
upon the flow through the capillary bed becomes pronoimcedly slowed, es- 
pecially in the muscular venules, (c) In some instances there was a fall in 
blood pressure to 10 to 20 mm. below normal levels. 

Expekbientaii data. Blood of rahhits in tourniquet shock. Over 100 rabbits, 
anesthetized vuth intravenously administered sodium pentobarbital (20 
mgm./kgm. body weight), were subjected to a tourniquet of one hind-limb for 5 
to 6 hours, both arterial and venous flow being completely occluded. The li- 
gation was done as high as possible, care being taken not to thrombose the femoral 
vessels. The animals generally recovered from the anesthetic and were alert 
for about 2 hours before the tourniquet had been released. Tldien the tourniquet 
was removed shock developed onl}'- in those animals in which the limb warmed 
up readily and underwent a progressive swelling. 

Blood samples were taken from the femoral vein of the undamaged limb or by 
cardiac puncture. A control sample was taken before applying the tourniquet; 
a second, prior to its release; and subsequent samples during the development of 
shock after release of the tourniquet. In 77 animals, shock-blood for assay was 
taken only terminally. In 23 animals the samples were taken periodically 
during the course of the shock. The rat-test data on these samples are given in 
table 1. One case is included in wliich the tourniquet occlusion was not com- 
plete, so that a certain amount of swelling of the leg occurred while the tourni- 
quet Avas still on. 

In table 1, the first four rabbits listed did not go into circulatory collapse, 
although the injured limbs underwent considerable swelling. They were sacri- 
ficed 8 to 10 hours later. The remaining nineteen rabbits developed shock 
sjanptoms and died from 1.5 to 5 hom-s after the release of the tourniquets. In 
these rabbits the swelling of the limb was accompanied bj’- the development of a 
rapid, thready pulse and an irregular, shallow abdominal resphation. As the 
shock deepened, the rabbits no longer responded to painful cutaneous stimuli, 
showed a poor corneal reflex and progressively went into a comatose state from 
which they did not recover. 

Blood samples taken before the application of the tourniquet gave a neutral 
test reaction. Blood samples taken while the tourniquet Avas in place gave 
neutral responses with one exception, no. 5, in which a A’^asoexcitor response AA^as 
obtained. Apparently this was a result of the poorly-tied tourniquet which 
permitted SAvelling of the limb during the period of occlusion. In all cases 
the blood samples AA'ere found to be vasoexcitor during the period of swelling 
of the hind limb. 

The blood samples of the four rabbits Avhich suivmed did not give A''asode- 
pressor test reactions: The persistence of a vasoexcitor reaction of the blood 
sample inAmriably indicated cA’^entual survwal. 

In the majoiitj’’ of the fatal cases, the blood samples AA'ere A^asoexcitor during 
the first hour and subsequently became vasodepressor at 1.5 to 3 hours after 
tourniquet release. Three of the rabbits (nos. 21, 22 and 23) shoAved a vaso- 
depressor reaction as early as 30 to 60 minutes after release of the tourniquet. 
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The following are representative rat-test protocols of two blood samples: 
one taken during the period of impending shock and the second after profound 
shock had developed. 

■ Thirty minutes after tourniquet release {femoral vein blood, rabbit 10). Meso- 
appendix of rat (150 grams) exposed and metarteriole with precapillar 3 ’- selected. 
The epinephrine reactions are indicated in figure 1. The minimal effective 
concentration of epinephrine during control period was 1:2 million. The in- 
jection of serum sample into the tail vein was followed by a transient speeding 
of capillary flow. At three minutes, the response . to the applied epinephrine 

TABLE 1 


Rat meso-appendix assay of serinn of rabbit in tourniquet shock 


RABBIT NO. 

! 

PRIOR TO 1 
AND DURING 1 
TOURNIQUET 

TIIIE IN HOURS APTER RELEASE OF TOURNIQUET 

FATE 


1.0 

1.5 

2.0 


3.0 

4.0 

1 

N 

E 



E 


E 


Survived 

2 

N 






E 


Survived 

3,4 

N 


E ; 





N 

Survived 

5 

N E 

i 

e 


D 


D 


Died in sixth hour 

6 

N 


E 


1 


D 


Died in sixth hour 

7 

N 

1 



D 

D 



Died in fourth hour 

8, 9 

N 




i 


D 


Died in fifth hour 

10 

N 

E 




D 



Died in sixth hour 

11 1 

N 


E 



D 



Died in sixth hour 

12, 13 

N 





” D 



Died in sixth hour 

14, 15 

N 





D 



Died in third hour 

16 

N 


E 


u 


i 


Died in fourth hour 

17 

N 



D 


D 



Died in sixth hour' 

18 

N 


E 

i 


D 



Died in fifth hour 

19 

,N 

E 

E 

D 





Died in fifth hour 

20 

N 




i D 




Died in sixth hour 

21 

N 


D 



D 



Died in third hour 

22- 

N 

D 


D 





Died in second hour 

23 

N 

D 







Died in second hour 


Legends: N = neutral, E = vasoexeitor, e = mild vasoexcitor, D — vasodepressor 


increased and reached a peak at 15 minutes when the mimimum, effective con- 
centration was found to be 1:8 million (a four-fold increase over the control). 
During this period the constrictor phase of the vasomotion of the precapillaij’’ 
sphincters became augmented until, at 15 minutes, there occurred a considerable 
reduction of capillary flow. At 35 minutes the epinephrine reactivitj’’ had re- 
turned to normal. The sample was classified as a 35 minute vasoe.xcitor. 

Tivo and a half hours after tourniquet release {heart blood, rabbit 10). The 
epinephrine reactions are indicated in figure 2. The vessels in the meso-appen^ 
of a 165 gram rat responded to a minimal effective concentration of epinephrine 
of 1:1.5 million. Two minutes after injection of the blood sample, the re- 
sponse to epinephrine had become less marked, and, at 6 minutes, the application 
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of 1:1.5 million of epinephrine produced no response. Vasomotion became 
less evident and was completely suppressed at 10 to 18 minutes, at which time 
the circulation in the capillary bed was appreciably slowed. ^ The blood pressure 
fell from^'105 to 90 mm. Hg within 3 minutes after the . injection of the shock 


MESOAPPENDIX TEST OF VASO-EXCITOR BLOOD SAMPLE 



Fig. 1. Mesoappendix test of vaso-excitor blood sample taken at 30 minutes from 
rabbit 10 during the early compensatory period of shock following tourniquet occlusion 
of one hind limb. 


MESOAPPENDIX TEST OF VASO-DEPRESSOR BLOOD SAMPLE 



0 5 10 15 20 25 30 35 

DURATION OF EFFECT IN MINUTES 

Fig. 2. Mesoappendix test of vaso-depressor blood sample taken at 2^ hours from 
rabbit 10 during the decompensatory period of shock following tourniquet occlusion of 
one hind limb. 

blood. At 30 minutes the reactions had returned to normal. This sample was 
classified as a 30 minute vasodepressor. 

Blood of dogs in ionrniquct shock. Twenty dogs were used, fifteen under 
pentobarbital anesthesia and five under morphine sulfate. Blood samples for 
testing were taken from the jugular vein. 
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Rubber tourniquets were placed on the thigh as far up as possible so as to 
occlude both arterial and venous flow, care being taken not to damage the 
femoral vessels. Of dogs under pentobarbital anesthesia, it was necessary to 
occlude both hind hmbs in order to produce fatal results, ■\^^en morphine was 
used the animals were temporarily placed under ether anesthesia before app^ung 
the tourniquets. In these cases occlusion of only one hind leg was sufficient. 
With the use of morphine sulfate alone Fine and coAVorkers (11) found that 
occlusion of two hind legs for at least 12 hours was necessary. This difference 
from our findings is probably due to the predisposing effect of ether, the dele- 
terious action of which in hemorrhage shock we have previously described (12). 

Morphine sulfate. The morphine (2 mgm./kgm.) was injected intravenously 
and, thirty minutes later, ether was administered just sufficient to permit 
application of a tourniquet to one hind leg. At the end of 8 hours the tourniquet 
Avas remoA’^ed. In aU fiA’e dogs the injured limbs swelled pronouncedly and the 
dogs went into fatal shock. 

Blood samples were obtained prior to and at intervals after release of the 
tourniquet. Those obtained prior to release gave neutral test reactions. During 
the period of swelling of the limb the blood samples were Amsoexcitor. The 
sweUing reached a maximum AAlthin an hour and samples taken 2 hours or more 
after release of the tourniquet, were found, in the case of four of the dogs, to be 
vasodepressor; in the case of the fifth, the successive samples changed from a 
vasoexcitor to a neutral test reaction prior to death. 

Pentobarbital. Sodium pentobarbital (30 mgm/kgm.) AA^as injected intra- 
Amnously and tourniquets applied to hoth hind limbs for periods of from 6 to 12 
hours. The majority of the dogs were alert 2 to 3 hours after applying the 
tourniquets and gaA’'e no eAudence of pain. In a few cases it was necessary to 
give an additional intramuscular injection of pentobarbital (1-15 mgm./kgm.). 
After removal of the tourniquet 13 of the 15 dogs went into fatal shock and 
collapsed 3 to 7 hours later. The maximal swelling of the limbs occurred during 
the first 2 hours. During this period blood samples were vasoexcitor. After 
the maximal SAA^elling had been reached, the reaction of the subsequent blood 
samples became neutral and then became increasingly A’^asodepressor as the shock 
deepened. The two dogs AA'hich did not go into shock exhibited no sAA'elling of 
the limb, presumabl}’" because of thrombosis pf the femoral A'^essels. The blood 
of these dogs remained neutral during the fiAm hour period in AA’hich they AA eie 

obserAmd. . 

Shock induced in dogs by leg pounding. Blood samples were obtained y 
Doctor Gregersen and Doctor Root from nine dogs subjected to traumatic shoe v 
by leg pounding.'* Heparinized blood was taken from the femoral artery be ore 

■■The technique, described by Doctor Root, is as follows: Under surgical ether an 
esthesia, the thigh muscles of both hind legs of the dog were bruised by blons \Mt a^ ig i 
raw-hide mallet delivered 700 to 1000 times (for a 15 kgm. animal) over a 15 to -0 minute 
period. The skin was not perforated, no large vessels were ruptured and no ones 
broken. IMarked swelling of the traumatized tissues rapidly ensued and a majon y o e 
dogs died in shock between 3 to 9.5 hours after the termination of the trauma. 
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and at varjdng intervals after traumatizing the limbs. The samples were 
chilled and transferred vdthin 24 to 48 hours to our laboratory for testing. The 
results as compared with the blood pressures and overall diagnoses made by 
Doctor Gregersen and Doctor Root are smnmarized in table 2. Their diagnosis 
of the state of shock was based (13) on changes in blood pressure, respiration, 
heart rate, body temperature, appearance of mucous membrane and signs of 
central nervmus depression. 


TABLE 2 


DOG NO. 

NO. 

BLOOD SAilPLES TIME 
TAE.EN* 

BLOOD 

BBESSURE* 

STATE OF SaOCE* 

RAT MESOAPPENDIX 
ASSAV 

TATE 

OF DOG 




T«m. ffg 




I 

1 

Before trauma 

108 

— 

Neutral 



2 

48' after trauma 

75 

Moderate hypotension 

Vasoexcitor 



3 

1^33' after trauma 

57 

^lild shock 

Mild vasodepressor 



4 

l*'42' alter trauma 

55 

1 Mild shock 

Mild vasodepressor 



5 

after trauma 

so 

Deep shock 

Vasodepressor 



6 

2*^24' after trauma 

50 

i Deep shock 

Vasodepressor 



7 

4^9' after trauma 

25 

, Profound 

Marked vasodepressor 

Died at 4J hrs. 

II 

1 

Before trauma 

113 

— 

Neutral 



2 

4*'15' alter trauma 

38 

j Deep shock 

Marked vasodepressor 

Died 

111 

1 

Before trauma 

108 

— 

Neutral 



2 

1 4''30' after trauma 

44 

Deep shock 

, Vasodepressor 

Died 

IV 

1 

Before trauma 

119 

— 

Neutral 



2 

5^25' after trauma 

40 

In shock 

Vasodepressor 

Died 

V 

1 

Before trauma 

122 


Neutial 



2 

5^ after trauma 
(2^30' after transfer) 

82 

In deep shock j 

Vasodepressor 

Died 

VI 

1 

Before trauma ' 

104 

j 

Neutral 



2 

5^30' after trauma 
(2 hrs. after transfer) 

84 

Mild depiession 

Mild vasodepressor 

Survived 

VII 

1 

Before tiauma 

100 



Neutral 



2 

0*^20' after trauma 

70 

Moderate shock 

^lild vasodepressor 

Survived 

VIII 

1 

Before trauma 

97 



Neutral 



o 

after trauma 
(3 hrs. after transfer) 

118 

Slight shock 

Mild vasodepressor 

Suridved 

IX 

1 

Before trauma 

114 

— 

Neutral 



2 

2*^ after trauma 

120 

Earb* shock 

Vasodepressor 




after trauma 

130 

Moderate shock 

Vasodepressor 

Survived 


* These columns present data obtained bj' Gregersen and Root. 


Twent 3 ^-four samples in all were tested. Nine samples gave neutral reactions. 
These were taken from the dogs prior to being subjected to trauma. One of the 
samples was vasoexcitor. This tvas from dog I taken at 48 minutes after trauma. 
Five of the samples were mildly depressor. Of these, tlnee were taken at 5 to 6 
hours after trauma from dogs VII,^TII, which survh^ed; while two were taken at 
In and If hours from dog I which ultimatelj^ died but which, at the time the 
samples were taken, was still alert -vs-ith a blood pressure of 85 to 80 mm. Hg. 
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The remaining nine of the samples Avere definitely vasodepressor. • These were 
taken at 2 to 5 hours after the trauma of dogs I, II, III, IV, V and IX, all of 
which vdth the exception of no. IX, died. 

Thus, in the dogs Avith the exception of no. IX, the vasotropic properties of the 
blood samples proved to indicate closely the state of shock of the dog at the 
the time when the sample Avas taken.® 

Blood of rats traumatized in the Nohle-Collip drum. With this method no 
anesthesia AA^as used. The rats, with their front and hind feet tied together 
were exposed to repeated falls AAuthin a drum 2 feet in diameter, rotated at 45 
turns per minute. Rats, subjected to 600 to 800 revolutions, died at varying 
intervals up to 20 hours after removal from the drum. For 650 revolutions the 
average mortality was 2 to 4 hours. Animals were excluded from consideration 
which suffered obAdous intracranial or gastro-intestinal hemorrhage and died 
Avithin 30 minutes after removal from the drum. 

A description of the method and the circulatory changes during the shock 
syndrome has been published (11). In general, the symptoms obtained were 
loAvered blood pressure, increased hemoconcentration and reduced blood volume. 


TABLE 3 


NO. OF RATS 

1 

TTJRNS OF DRX7M 

TIME AT WHICH BLOOD 
SAMPLES WERE TAKEN 
AFTER REMOVAL 

REACTION WITH MESO- 
APPENDIX TEST 

FATE 

8 

600-800 

40-70 min. 

vasodepressor 

died 

1 

400 

50 min. 

mild vasodepressor 

survived 

2 

350-400 

45-60 min. 

neutral 

survived 

1 

300 

90 min. 

vasoexcitor 

survived 


The rats showed intense pallor, irregular respiration and poor response to painful 
stimuli. 

Blood samples for assaying were taken from 12 rats by intracardial puncture 
at intervals varying from 40 to 90 minutes after the rats had been removed from 
the drum, as shoAsm in table 3. 

All the rats exposed to fatal trainna in the drum developed vasodepressor 
material in their blood. It was observed that Avith this type of shock the vaso- 
depressor blood samples also produced an abnormal sticking of leucocytes in 
the capillaries and venules in the meso-appendix of the test rat. 

Blood from dogs and rats subjected to hemorrhage. Two tj'pes of hemorihage 
were studied: acute, in Avhich an excess of blood was A\ithdraAvn AAithin 1 
hours; and graded, in AA'hich the blood loss AA’as spread out oA’^ei an exten e 
period of time. Animals, subjected to acute hemorrhage, responded favora y 
to fluid replacement up to 5 to 10 minutes of expected coUapse. Animals, 

5 These experiments were carried out soon after we had worked out the details of, the rat 
meso-appendix technique in 19-13, and had as their main purpose to chec ' t e re la 1 1 y 
of this method of assay. The samples were delivered to us labelled by code numbers. 
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subjected to graded hemorrhage, became increasingly refractory to recovery- 
by blood replacement therapy. 

Acute hemorrhage. Over 75 rats and 25 dogs were used. Blood samples were' 
withdravm vdthin 5 to 10 minutes after the onset of bleeding and, thereafter,, 
at intervals throughout the syndrome up to shortly before death. 

Unanesthetized rats were bled, some by heart puncture and others by immers- 
ing the cut stump of the tail in warm isotonic sodium oxalate in a graduated- 
cylinder, for measuring the amount of blood loss. The dogs were anesthe- 
tized with intravenous injections of morphine (2 to 12 mgm./kgm.) or pento- 
barbital (30 mgm./kgm.). 

The blood samples taken throughout the syndrome in both rats and dogs were 
uniformly vasoexcitor. In some instances the samples produced a transient 
rise in the blood pressure of from 10 to 15 mm. Hg above the normal. 

Graded hemorrhage. In the course of the two j'-ears of our study on irreversible 
shock about 100 dogs were used and more than 450 blood samples were tested. 
The dogs were routinely anesthetized with pentobarbital or udth morphine. 
The type of graded hemorrhage was one in which the dogs finally become 
irreversible to restoration of the blood previously withdrawn (4). Dogs under 
pentobarbital anesthesia were found to be more susceptible to bleeding and to 
the adverse effects of the prolonged hypotension than were dogs under morphine. 

Blood samples, taken uitliin 1 to 3 hours after the initiation of the bleedings, 
were markedly vasoexcitor. During the first hour the samples consistently pro- 
duced an increase in epinephrine reactivity, accentuated vasomotion, and raised 
blood pressure of the test rat by 7 to 15 mm. Hg. With samples taken after the 
first hour of shock, the three reactions were lost successively in the foUoudng 
order: first, the blood pressure effect; second, enhancement of vasomotion and, 
lastly, at about the third to fourth hour, the epineplulne excitor response. 

Samples taken after the onset of profound hypotension, especially during the 
so-called irreversible stage, were consistently ' vasodepressor. The greatest 
vasodepressor effects were obtained with samples taken during the last .hour 
before death. 

Discussion. The results presented iu this paper on the detection of vaso- 
tropic principles in the blood of animals subjected to shock are all based on the 
reactivity imposed on the terminal blood vessels in the meso-appendix of normal 
rats by the injection of blood samples. Changes in intensity and duration of 
the reaction of the blood vessels to the topical application of epinephrine serv'^ed 
as an index for a semi-quantitative assay of the humoral substances. 

Tavo major features present themselves during the development of the state of 
shock. One is the appearance of a vasoexcitor material (VEM) at the time when 
fluid is being lost from the circulation. The other is the gi-adual displacement of 
the VEM by an antagnostic vasodepressor material, the VDM. 

In hemorrhagic shock, the VEM appears earty in the blood after the loss of as 
little as 1 per cent of the body weight, an amount usually required to initiate 
slowing of the splanchmic flow as evidenced in the mesenter 3 ^ or the omentum. 
This material continues to be elaborated during acute hemorrhage almost to the 
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point of complete exsanguination, i.e., within 1-2 hours in dogs. The non- 
deleterious character of the is indicated by the fact that replacement of the 
blood lost results iii disappearance of the material and is followed bj’- complete 
recoveiy of the animal. The vascular reactions are of a compensatory nature. 

The elaboration of a vasodepressor principle (^^DM) occurs onl}’- after a pro- 
longed period of severelj- reduced peripheral cii-culation and consequent anoxia. 
Such a reaction occurs when the fluid loss (vdiole blood in hemorrhage and in 
leg poimding, plasma in tourniquet shock) is insufficient per se to precipitate 
circulatory collapse. Under tliis condition the animal continues to hve for a 
protracted period vith its tissues in a state of increasingly severe anoxia. 

The significance of the vasodepressor aspect of the s 3 mdrome has been dis- 
cussed in previous pubhcations in which it was shown that the preponderancj’’ 
of the ^T)j\I is associated ndth the onset of irreversibility to fluid replacement 
therapj" (8, 9, 10). 

In the experiments cited in this paper the appearance of marked vasode- 
pressor material in the blood is almost invariabty a prognostic indication of fatal 
circulatoiy collapse. This was demonstrated in different tj^^es of experimentally 
induced shock, viz., graded hemorrhagic, tourniquet and leg-pounding shock, 
and shock induced b}’- the Noble-CoUip drum. In addition, the development of 
the depressor material evidentty is not limited to any one species of animal, 
since we have detected it in the blood of rats, rabbits and dogs. This gives to 
these principles a fundamental significance to the shock problem as a whole. 

Concerning the reliability of the rat meso-appendix test for detecting the 
vasoexcitor and. vasodepressor substances, it is significant that the reactions 
obseiwed in the test animal are identical ndth those observed in the shocked 
animal at the time that the blood sample is vithdravm. Earty in the develop- 
ment of the technique rehance was placed on a variety of overall changes in the 
capillaiy bed, such as changes in vasomotion, in number of capillaries containing 
an active blood flow, in the rate of the blood flow especially in the A^nules, etc. 
Later it was found that the reaction to an arbitrarity applied substance such as 
epinephrine could be used as a quantitative index of the vasotropic activity of 
the sample being tested. T\flien the vasoexcitor principle predominates the 
vascular musculature becomes hj^per-reactive; when the vasodepressor principle 
predominates the musculature becomes refractoiy and hj’-po-reactive to epi- 
nephrine. The epinephrine reaction has been extremelj’’ useful for assaj’" pm- 
poses. The question remains open as to whether it is the specific reaction nhich 
is affected during shock in the intact animal. 

The consistency” in the appearance of the VDM with the development of 
hrevers ibility and fatal shock has been stressed in our pre\dous publications 
and points to something more than a chance relationship between the humoial 
factor and the circulatoiy changes leading to fatal collapse. Evidence for a 
causal relation was found in experiments in wliich dogs, during the depressoi 
phase of the shock syndrome, were infused with large amounts of blood (8-4 pei 
cent body' weight). The infusion induced a transitoiy elevation of the blood 
pressure to normal levels and a speeding of the peripheral blood flov in t le 
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omentum. The subsequent fall of blood pressure was always preceded by a. 
deterioration of the capillary circulation in the omentum. The fact that the- 
slowing of the capillary flow occurs well in advance of any fall in blood pressure 
indicates that the arteriolar effects may very well be the cause of the blood 
pressure fall rather than a result. 

The elaboration of vasodepressor material is probably not the only factor 
concerned vith the collapse of the shocked animal. Other factors, neurogenic, 
etc., have been shoum (14, 15) to participate in various types of shock. How- 
ever, the vasodepressor factor is the only one which thus far has been directly 
related to the observed vascular phenomena characteristic of fatal shock. 

During the transition from the initial vasoexcitor to the vasodepressor phase, 
it is of interest that the blood samples show neutral properties in the rat meso- 
appendix test. This indicates either that there is a disappearance of the vaso- 
excitor prior to the development of vasodepressor material, or that the progressive 
accumulation of vasodepressor material counterbalances and, later, overwhelms 
the vasoexcitor material already present. Evidence for the latter assumption 
has been found in experiments, shortly to be published, in which the chemical 
fractionation of neutral blood samples, taken during the transitional period, 
shows that both vasoexcitor and vasodepressor principles are present, but in 
counterbalancing amounts. 

SUMMARY 

A variety of animals subjected to acute and graded hemorrhage, liind-limb 
tourniquet, trauma in the Noble-Collip drum and leg-pounding, develop blood- 
borne, vasotropic substances. The substances were detected by injecting 
samples of blood (serum or heparinized plasma) into the tail-vein of normal rats 
and obsendng the effect on the intensity and duration of the reactivity of the 
terminal vessels in the exposed meso-appendix to the topical application of 
epinephrine. A vasoexcitor material (VEM) appears early after blood-loss. 
This is replaced by progressive, increasingly effective vasodepressor material 
(VDM) during the development of irreversibility of the shock syndrome. The 
appearance of a marked VDM effect was found to be correlated vdth the fatal 
outcome of the shock syndrome. 
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There are many reports ol studies designed to investigate methods of alle- 
viating the effects of prolonged or intense muscular activity but relatively 
few have appeared on the fatigue due to deprivation of sleep. Unlike intense 
muscular activity, prolonged tvakefulness results principally in psychological 
disturbances and, Mth the exception of changes occurring in the electrical 
activity of the brain (1), there is little indication that insomnia, even up to 200 
hours’ duration, produces any significant physiological or biochemical alterations 
(2, 3, 4, 5). Certain psychomotor changes occur that are characterized chiefly 
by a someAvhat slower reaction time and a decrease in ability to maintain sus- 
tained effort and performance. In general, the lack of definitive changes in 
visceral activities make it appear that deprivation of sleep results in a “fatigue” 
that is confined to the higher centers of the central neiwous system. 

It was of interest, therefore, to study the effects of some central neiamus 
system stimulants and depressants on the fatigue produced during experimental 
insomnia. These interests were enhanced by problems arising out of the exigen- 
cies of the war. For instance, certain barbiturates were components of motion 
sickness remedies being considered for general use in the armed forces. Hence, 
it was desirable to obtain information on the effects of these draigs when given 
to men under such conditions of stress. 

Methods. The subjects were volunteers from Army, Marine Corps or 
Civilian Public Service Camps, and they ranged from 17 to 35 years in age. 
Prior to each experiment, the men accepted were apprised of the nature and pur- 
pose of the study (except those details which might influence the results, such as 
the type of medication, etc., to be employed). They were assured that they were 
free to drop out from the experiment at any time they wished, and it was made 
clear that should they do so it would not result in any reflection on their military 
record. During the experiment, wLen a man expressed a desire to quit no 
effort was made to induce him to continue. About 20 per cent of those who 
started failed to complete the test or were dropped for other reasons given below. 

Twenty experiments were carried out between 1942 and 1945; three were of 
24 hours’ duration in which 63 men finished, five were 48 hours long in which 81 
finished, four were 60 to 72 hour tests with 169 men finishing, and eight studies 
were of 112 hours’ duration in which 275 of 350 volunteers finished. 

> Work done under contract sponsored by the C.M.R. between O.S.R.D. and California 
Institute of Technology. 

-Present address; Army Chemical Center, Medical Division, Edgewood, Maryland. 
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The program of activity, particularly in the 112 hour experiments, was, of 
Decessit}’’, heavy since some form of continuous physical activity was required 
to keep the men awake after the 2nd day. The “basic” activity of all the 
experiments was the routine training program peculiar to parachutists and other 
similarly specialized troops. In addition to this work program, constant ph 5 ’'si- 
cal activity was kept up by means of sports (basketball, baseball, svimming), 
walking, and special forms of militarj’- and tactical problems. In a few ex- 
periments an additional heav}’- work program was carried out bj’^ having the men 
make two night marches during the first two evenings, totalling from 35 to 65 
miles, depending upon the condition and nature of the groups. 

Short, carefully supervised rest periods, in addition to the rest at meal times, 
were allowed at regular intei’vals. At such times, the men were permitted to 
sit, but not to lie down or close their ej'^es since, after the second day, a few 
seconds in a prone position resulted in their quickly falling into .a deep sleep. 

The dailj'' program for the shorter experiments was essentially the same. 

Except in a few experiments reported elsewhere (4), the men subsisted on the 
regular camp mess, plus an additional meal at midnight, the caloric intake being 
estimated at about 6,000 calories per day. 

In eveiy experiment one sub-group received only placebos throughout and 
served as the control. Also, any time medication was given to one group all 
the others received a placebo of identical size and color. 

In the 24 to 48 hour experiments, amphetamine sulfate (benzedrine sulfate) 
was given in a single dose of 10 mgm., either at the 12th, 18th, 24th or 36th hour. 
In the 72 hour tests, 10 mgm. benzedrine were given commencing either on the 
36th or 48th hour and the dosage repeated every 8 to 12 hours. In the 112 hour 
experiments, 5 to 10 mgm. of benzedrine sulfate were administered beginning 
the 48th hour and the dose repeated ei'^erj'' 8 to 12 hours, the final dosage being 
given at 6:00 p.m. of the last daj'’. These time intervals were selected for the 
administration of benzedrine sulfate since it was considered the most practical 
and easity adaptable procedure for giving the drug in the field and under combat 
conditions. 

Two different barbiturates were studied during the 112 hour experiments: 
sodium-iso-amylethyl-barbituric acid (amytal) and ethyl-^-methyl-allyl thio- 
barbituric acid (“'\^-12”). These were administered everj’’ 12 hours during the 
first 48 hours commencing at 6:00 a.m. of the first day and the last dose was 
given at 6 :00 p.m. of the second day. The total amount administered v as either 

4 grains for am 3 ’’tal or 10 grains for V-12. 

Most of the testing procedures used are well-known and need little description. 
These included reaction time, both simple and multiple choice, test for static 
ataxia, steadiness tests (including steering), tests for flicker fusion frequency, 
for auditory acuity, vibration sense (tuning fork sensitivity (6) ), dark adap- 
tation, vision tests for vergence, fusion, lateral balance and depth perception, 
target identification, tapping tests, tests for ability to estimate the passage of 
short periods of time (90 sec.), test for marksmanship, cancellation tests, digits 
span and digits rever-sed, group Rorschach e.xamination, as well as routine plij^si- 
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cal examinations (at least once daily), which included pulse, blood pressure, 
temperature and neurological examinations. 

The testing period started at sundoum each, day (usually 1 to 2 hrs. after the 
last medication) and lasted from 3 to 4 hours. A representative battery of the 
above enumerated tests were employed, large enough in number (generally 12 to 
15) to ensure continuous activity of all the men during the testing period. As 
a rule, control values of the tests used were obtained over a 3 day period prior 
to the experiment. This was not always. practicable, particularly when there 
were large numbers of subjects involved in an experiment. In such instances, 
only one day was allotted for the accumulation of these control values. 

Results. Placebo controls.^ Since few of the tests showed significant 
changes from the control values, it is considered unnecessary to reproduce in 
full the findings on all the tests employed. Typical samples of the results of 
some of the procedures used are given in table 1. Nor will it be necessary to 
consider separately the 112 hour experiments in which varying dosages of 
benzedrine sulfate were used or extra heavy work carried out, for under the con- 
ditions of these studies, no discernible differences were found in the results of 
those individual experiments. 

In general, where a psychomotor test rvas of relatively short duration and did 
not require a prolonged period of attention from the subject, no significant 
changes in performance occurred, even after 110 hours of wakefulness. If a pro- 
cedure was prolonged by requiring a greater number of trials, or made unusually 
boresome (for example, 100 reaction time trials instead of 25), differences in per- 
formance became noticeable beginning about the 60th hour of sleeplessness 
(table lA and B). Similarly, marksmanship based on the scores obtained with 
10 to 15 rounds of ammunition was little affected by loss of sleep. When the 
Marine standard marksmanship test of 68 rounds was used, a deleterious effect 
was noticeable after 2 nights of sleeplessness (table 1C) . 

Many procedures suggested as indicators of fatigue of the central nervous sys- 
tem, when used under the conditions of these experiments, showed no changes 
even after 110 hours of insomnia. Flicker fusion frequency tests (7) and tuning 
fork vibration sensitivity tests (6) exhibited no significant differences from the 
control values (tables ID and IE) . Static ataxia increased somewhat as sleep- 
lessness progressed, but not significantly so (table IF). No alterations from 
the normal were found in tests for auditory acuity (8), estimation of passage of 
time (90 sec.), digits span and digits reversed, and Rorschach during 112 hours 
of sleeplessness. In some tests, learning continued during the experimental 
period and by comparing the values found duiing this period vfith those found 
prior to the experiment and after the first night of sleep there was a slight indi- 
cation that this process was interfered rrith. However, the differences, again, 
were not statistical^ reliable. 

= Benzedrine sulfate and placebos were supplied by the Smith, Klein and French Labora- 
tories, amytal and placebos by Eli Lilly and Company and V-12 and placebos by the Abbott 
Laboratories. We wish to e.xpress our appreciation. of the generous aid given by these 
firms. 
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TABLE 1 


GROUP 

NUMBER 

OF MEN 

CONTROL 

DAYS OF INSOMNIA 

POST 

SLEEP 

1 

2 

3 

4 

5 

A. Multiple choice reaction time (25 trials) duration of test— 2 minutes 

Placebo 

114 

0.69 

0.66 

0.66 

0.63 

. 0.61 

0.62 

0.59 

Benzedrine 

66 

0.70 

0.67 

0.62 

0.63 

0.64 

0.65 

0.59 

V-12 

47 

0.68 

0.65 

0.63 

0.61 

0.62 

0.62 

0.55 

Control (normal) 

8 

0.68 

0.66 

0.64 

■ 0.62 

0.60 

0.59 

0.60 


B. Multiple choice reaction time (100 trials) duration of test — 10 minutes 


Placebo 


■Gl 


1 0.68 

■mi 


0.70 

0.62 

Benzedrine 


mm 


0.66 



0.69 

0.60 

Amytal 




0.71 

0.68 


0.69 

0.59 

Control (normal) 




0.66 

0.61 


0.59 

0.62 


C. Marksmanship (68 rounds possible score = 340) duration of test— 2.5 hrs. 


Placebo 

23 

278 



262(-16) 



Benzedrine 

22 

279 



281 (-f2)(D 



V-12 

22 

284 



273 (-11) 




D. Flicker fusion frequency 


Placebo 

6 

45.S<3) 

45.3 

46.4 

45.9 

45.1 

45.6 

45.1 

Amytal 

6 

46.0<3) 

45.5 

46.4 

45.3 

45.4 

45.6 

46.0 


E. Vibration sense (in seconds) 


Placebo 


27.9 

28.3 

29.8 

29.5 

28.2 

30.6 

I 25.6 

Benzedrine 


30.0 

32.5 

31.8 

32.1 

32.4 

32.6 

25.4 

V-12 


26.7 

28.3 

28.5 

29.3 

27.1 

30.2 

1 23.7 

F. Body sway, eyes closed (cm. in 30 sec.) 

Placebo 

22 

8.0 

9.3 

8.1 

9.2 

8.2 

8.5 

7.6 

Benzedrine 

21 

7.8 

8.3 

10.1- 

7.9 

8.9 1 

8.6 

7.0 

V-12 

22 

8.7 

10.3’.*'> 


11.1(5) 

9.7 1 

9.6 

8.0 

G. Ability to stay awake (see te.xt) 

Placebo 

22 



9 

12 

13 

5(v) 


Benzedrine 

21 



11 

5 

8 

60 ) 


Barbiturates 

22 



11 

10 

10 

6(7) 



H. Frequency of men dropping out 


Placebo 


181(5) 

17 . 

18 

6 

4 


Benzedrine 


113(5) 

14 

11 

2 



Barbiturate 


57(5) 

1 

2 

1 




136 (’> 

8G<’> 

53»> 


Italicized figures indicate that the medication represented by the group n as given that 
day. On all other days placebos were given. By comparison of placebo with medication 
using individual differences (1) p does not quite reach the 5 per cent level (2) P = w 

average of results for 3 consecutive days prior to the test (4) p = 0.05 (5) p - 0. ( ) 
p = 0.05 (7) incomplete data, only up to 9:30 p.m. (8) number of men starting (9)number 
of men finishing. 
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No significant changes were found in the urinary excretion of 17-ketosteroids 
and creatinine, level of sugar and adrenaline-like substances in the blood, blood 
pressure, pulse, body weight and reflexes. The results of these latter studies 
are reported in detail elsewhere (4, 5). 

The degree of difficulty experienced by the men in staying aAvake at various 
times was determined both by questioning and by keeping records of the number 
of times a man had to be awakened during the course of a dajq as well as by grad- 
ing his state of alertness or wakefulness during the testing periods (by his re- 
sponse to routine questions or commands). During the first night and second 
day no unusual trouble was encountered by any of the men. The first real 
difficulty was experienced on the second night. Thereafter the men found it 
harder to stay awake at night or in darkened rooms than during the day or in 
well-lit rooms. Despite the fact that most of the subjects maintained that they 
could "go on indefinitely” after the tliird night and felt thej’- experienced much 
less trouble in staying awake after that time, more objective assessment belied 
those claims. In table IG are presented data on the state of wakefulness based 
on the number of times a man had to be wakened during the regular evening 
rest periods. 

The effect of benzedrine. In experiments up to 48 hours’ duration, using modi- 
fied psychomotor tests, no significant differences were found between the placebo 
groups and the groups receiving 10 mgm. of benzedrine sulfate at either 12, 18 or 
24 hours. In the 72 to 112 hour experiments, where benzedrine sulfate was first 
administered after 36 to 48 hours of wakefulness and the dose repeated at inter- 
vals of 8 to 12 hours, the deterioration in performance occurring around the 60th 
hour was prevented. Such groups exhibited better marksmanship than the 
placebo groups (table 1C). Also, somewhat better scores were foimd in reaction 
time (table IB), steadiness, cancellation tests and body sway (table IF). A 
marked effect of benzedrine sulfate administered under these latter conditions 
was the decreased difficulty in remaining awake. This action was most notice- 
able during the third night. Maintaining the same dosage throughout the fourth 
and fifth days did not have the same beneficial effect either on performanbe or 
ability to stay awake as it had had on the third night. 

The effect of barbiturates. Amytal and V-12 in the doses employed produced 
variable effects on performance during the first 48 hours of a 112 hour sleepless 
period. Body sway (table IF), cancellation and steadiness were somewhat 
poorer than the placebo controls while flicker fusion frequency (table ID) and 
reaction time (table IB) remained unaffected. No unusual ffifficulty was en- 
countered by these men in staffing awake during the first night and second da5>-, 
and the trouble experienced during the second night did not appear any greater 
than for the placebo controls. Upon stopping the administration of these dinigs 
(on the morning of the third day), the perfoimance of these groups was similar 
to that found for the placebo control groups. 

Other fitidmgs. The effect of benzedrine sulfate on mood and behavior has 
been subject to much study (9). Unfortunately, in these experiments, motiva- 
tion was a strong factor and the general euphoria present in all subjects, partic- 
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ularly after the 3rd day, probably contributed to masking the effect Oj the drugs 
on any changes in mood or attitude. In none of the experiments vere the ob- 
servers or subjects told the nature of the medication being tested. On the basis 
of outward appearance or behavior of the subjects it was impossible'to accurately 
judge what type of medication had been given them. The only exception to 
this was on the 3rd day and night, for then those men who were receiving ben- 
zedrine sulfate required less prodding than the other groups to prevent them from 
falling asleep. After the 3rd day, the subjects themselves were poor judges as to 
the type of pill they had received. 

Although in these experiments it was difficult to detect any perceptible differ- 
ences in mood or attitude as a result of any medication, the number of men drop- 
ping out of an experiment may be taken as an indication of the mental attitude. 
During the first 2 days of the 112 hour experiments both the “placebo” and “ben- 
zedrine” groups were receiving dummy pills and only the “barbiturate” groups 
were getting active medication. During this period 20 per cent of the men re- 
ceiving placebos dropped out while only 5 per cent of the men getting barbiturates 
quit. During the 3rd and 4th days 6 per cent of the placebo group dropped out 
while less.than 2 per cent of the benzedrine sulfate group (now actually receiving 
the drag) quit (table IH). 

The number of men volunteering for a disagreeable task may also be taken as 
another indication of mood or mental attitude. On the 3rd night of one e.xperi- 
ment involving 35 subjects, half of whom had been given benzedrine sulfate, the 
men were asked individually, and out of hearing of any other person, if they 
would volunteer to break a forced march record which had been set a week pre- 
viously (35 miles mth full pack in less than 10 hrs.) . They had already completed 
two night marches totalling 65 miles, and a third night march would have been 
out of the question as all had sore feet and bhsters. Nine of the 17 men who 
had received benzedrine sulfate volunteered, while only 2 of the group receiving 
placebos offered to make the try. 

Alterations in pei’sonality and behavior as a result of experimental insomnia 
have been reported by others (2, 3). These psychological disturbances first 
became apparent on the second night and, in most of the subjects, were mild. 
They were chara cterized by increased irritability, particulai’ty during inactivity , 
loss of memory, a tendency toward what may be termed hallucinations or illusions, 
inattention, apath}'’ and irrelevant' laughter and conversation. The extent of 
these disturbances was dependent somewhat upon the size of the experimental 
group, but more so on their activity. All these symptoms disappeared after 
sleep. One experiment in which an attempt was made to have the men cairy 
on only sedentary occupations had to be discontinued on the third da}’' due- to 
the extreme irritability which developed in the men and a resultant lack of 
co-operation on their part. 

In a few cases the psychological changes which occurred were not so mild. 
These developed during the first 48 hours of sleeplessness and while they v ere 
still receiving placebos. The first such instance occurred just before daira of 
the third day during a 112 hour experiment involving 35 men. This subject be- 
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came extremely aggressive, developed delusions of grandeur (imagined himself on 
secret missions for the President, etc.), started unprovoked fights, became un- 
manageable, and had to be forcibty restrained. He was put to bed and slept 
through the entire day. On awakening, he had no recollection of the events of 
the previous night. An examination of his record disclosed no indication of any 
psychotic tendencies during his training period; he was well Hked, and considered 
quiet and reserved by his friends. 

Six other such cases occurred during the course of these studies; two were 
characterized by extreme irritabifit'y and aggressiveness requiring restraint; 
four cases by persistent auditory and visual hallucinations of such a nature that 
it was deemed desirable to have the men drop out. As in the case described 
above, none of these six men had a previous history of psychotic tendencies and, 
following sleep, all symptoms and all recollection of the preceding events 
disappeared. 

Upon the conclusion of each experiment, the men were permitted to sleep as 
long as they desired. Following 112 hours of wakefulness, the length of such 
sleep varied fropr 8 to 14 hours. Except for a slight sluggishness lasting about 
an hdqr or two, they appeared, for the most part, completely refreshed. How- 
ever, in the early studies one condition that was found to interfere with this re- 
covery was the position of the men during sleep foUonfing the experiment. Upon 
going to bed they would fall asleep instantly in the first position assumed and 
would rarely change it during the night. This resulted in some complaints of 
numbness and temporary lameness of the arms and legs the next day. To pre- 
vent this, in the later experiments, the men were ordered to lie flat on their backs 
with their arms along their sides or folded across their chests to avoid positions 
that might interfere vith the circulation in their hmbs. With these precautions, 
such complaints did not occur in subsequent experiments. Tests on the morning 
after such sleep showed no changes from the pre-experimental control values 
other than those due to learning. 

Discussion. In order to keep men awake for prolonged periods some form of 
continuous muscular activity is necessary. This condition, together with the 
fact that the experimental subjects must maintain for an unusually long time 
the normal upright position of the body, as well as be denied the muscular re- 
laxation and diminution of tonus that is a concomitant of sleep would lead one 
to believe that muscular fatigue is a contributing factor to the effects of prolonged 
wakefuhress. Although measurements of work were not made in these studies, 
casual observations indicated that the work capacit 3 ’' of the men at anj’- stage rvas 
independent of the loss of sleep but related to the amount of time that had elapsed 
from a previous period of hea\y Avork and, more important, to the motivation. 
For instance, in those experiments where an unusually hea\y work program was 
given during the first two nights (two long marches), the men would be re- 
bellious about going on a 4 or 5 mile walk on the 3rd, 4th or 5th day, asserting 
thej' were exhausted. But they would readily participate in a fast game of 
basketball, volley ball or ivater polo at any time, and would play for an hour or 
more in a manner indistinguishable from that of fresh, rested men. Undoubtedly, 
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a greater degi’ee of muscular “fatigue” was present in the men during bouts of 
sleeplessness than under noimal conditions; nevertheless such observations tend 
to show that it is not so severe as to be an important factor in these studies. It 
appears, then, that although exhaustion and extreme sleepiness always ac- 
company extreme muscular weakness, prolonged wakefulness is not nece.ssarily 
accompanied by great muscular fatigue. 

What, then, is the cause of the “deterioration” in perfonnance? As pointed 
out above, it was difficult to detect deterioration in performance. Only irith a 
test that requires prolonged attention, which is unduly boresome, or is given 
under conditions that are conduciA^e to falling asleep (eyes closed or in darkened 
rooms) Aidll “deterioration” become evident. Examination of the individual 
records, where such deterioration occurred, indicated that it was not due to 
failure in the particular skill, per se, but to a momentary doring off or diminution 
of attentiveness and ability to concentrate on the part of the sleepj’- subject. As 
further evidence, this drop in the performance of the men was closely correlated 
Awth the increasing sleepiness or difficulty in remaining awakte. That the de- 
terioration Avas not more apparent on the 2nd night was probably due to the fact 
that the testing period was held too early on that eA’^ening. 

It could be expected, then, that any procedure Aiffiich improved the abihty of 
the men to remain aiA^ake, and hence increased their attentiveness under' these 
circumstances AA'ould prevent the falling off in performance. Under certain con- 
ditions benzedrine sulfate had that effect. If it Avas administered in an}"" e.xperi- 
ment before 36 hours, it had no useful purpose for up to that time little difficulty 
in remaining awake Avas experienced and no deterioration in performance Avas 
found to occur. If, on the other hand, its administration Avas dela 3 ^ed until the 
time that greater -difficulty in remaining awake Avas encountered, it improved 
the ability of the men to stay aAinke and, as a consequence of this action, the 
deterioration in performance of the men was preA^ented. 

However, if the same dosage was repeated daily during the 112 hours its anti- 
hypnotic 'action diminished and, as a result, it had no effect on performance. 

A possible explanation of the mechanism for these effects is suggested bj’' other 
studies. It is knoAim that increased attention or mental effort is accompanied b}’' 
an increase in the rate of the electrical activity of the brain (10). It Avas shoAvn 
(1) that the mental effort required of a subject to remain awake during experi- 
mental insomnia resulted in an increase in the rate of the potential changes in 
the brain far alboAm the level found during the control da 3 '^s. Furthermore, if 
an additional effort, such as working a multiplication problem, Avas exacted of a 
sleep 3 ’’ subject the results pointed to the reduced capacity of such a fatigued biain 
to further increase the rate of its electrical acthuty in response to the additional 
stimuli (1) . One of the actions of benzedrine sulfate is to increase the rate of the 
electrical activity of the brain (11), and it is suggested that by this action it con- 
tributes an important condition required for remaining awake during experi- 
mental insomnia. 

^ 3 ’- (12, 13) and DiU (14) and their"co-workers have noted an effect of benze- 
drine sulfate and other stimulants on the amount or character of the n-ork output 
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only under those situations where the testing procedures were made imusually 
long or where the administration of the drags was accompanied by a subjective 
feeling of rehef from fatigue. It would appear that the above interpretation 
might also explain the action of such stimulants under conditions where the sub- 
ject had had adequate sleep but the procedure produced a fatigue of the central 
nervous system. 

The most outstanding findings as a result of loss of sleep are the psj^chological 
disturbances. For the most part, these became evident beginning on about the 
3rd day. ' In general, this confirmed, on a more extensive scale, the results re- 
ported by others (2, 3). In addition, a few cases occurred which were not mild 
and, in fact, resembled S 3 Tnptoms of acute schizophrenia. That such incidents 
were observed for the first time in these experiments is no doubt due to the fact 
that a larger number of men were used and hence a more representative sample 
of their particular age group was obtained. Although the cases shown here fully 
recovered after the equivalent of a night’s sleep, one cannot help but feel that the 
mechanism producing the psychological symptoms, such as apathy, bursts of 
unreasonable laughter, autistic expressions (which were apparently due to dreams 
occurring in the semi-sleep periods), and the tendency towards haUucinations 
might be related to that causing the permanent changes in certain psychotic 
disorders. 


SUMMARY 

From the results reported here and in previqus publications (1, 4, 5, 8), it was 
found that: 

1. With the exception of the effect on the electrical activity of the brain, no 
other significant physiological or biochemical changes were obseived during 112 
hours of experimental insomnia, and the indications are that the fatigue is con- 
fined to the higher centers of the central nervous system. 

2. Performance based on tests of a 'wide variety of psj’-chomotor skills shows 
little change as long as the tests are of short duration. Modifjdng a procedure 
to require a sustained effort on the part of the subject results in poorer perform- 
ance, first becoming evident after about 60 hours of sleeplessness. The inability 
to sustain effort is related to the increased difficulty of remaining awake and not 
to any muscular weakness. 

3. Benzedrine sulfate prevents such deterioration in performance when it is 
first administered between the 36th and 48th hour. A possible explanation for 
the mechanism of action of this drug under these conditions is offered. 

4. Barbiturates in the dosages emploj’-ed have only a slight effect on perform- 
ance or the abilitj' of the men to staj'^ awake during such a 'vigil. 

5. The chief disturbances produced bj"^ sleeplessness are psychological. In 
the great majoiitj’’ of the subjects these changes are mild and transitory, dis- 
appearing following sleep. The possible relationship between the mechanism 
producing these symptoms and the more permanent changes in certain psychotic 
disorders is discussed. 

The author is indebted to manj’’ for invaluable suggestions and assistance in 
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this and other studies carried on during the war. Particular grateful acknowl- 
edgment is made to Drs. C. A. G. Wiersma, A. van Harreveld, Ernest B. Wright, 
Charles H. Ellis and Geoffrey L. Keighley of the California Institute of Tech- 
nologj'-, and Edwin D. Fletcher of the California Department of Motor Vehicles. 
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In a previous study (1) there could be found no evidence of hypoglycemia or 
of the so-called hypogtycemic syndrome after a breakfast containing approxi- 
mately 600 calories, 81 per cent of udiich was derived from carbohydrate. 
Similar obseiwations were made on a group of swimmers several hours after a 
heavy meal in which carbohydrate provided 76 per cent of the total calories. 
From these studies it was concluded that the hypoglycemic syndrome which 
can be relieved by restriction of the carbohydrate intake is a pathological con- 
dition and not a normal physiological response to a high carbohydrate meal. 

In the same volume of the Journal in which our paper appeared there was 
another (2) in which entirely different results from ours were reported. The 
ingestion of 70 to 150 grams of dextrose was found to induce the development 
of “hypoglycemi’s” reactions in 5 out of 6 subjects approximately 50, per cent of 
the total number of times tested. “These hypoglycemic episodes usually began 
within 3 to 5 hours after ingestion of the sugar and occurred with appi’o.ximately 
equal frequency at either ground level or altitude. The seizures wei’e char- 
acterized by subjective sensations of neiwousness, impending danger, pares- 
thesia, weakness and hunger, and objective manifestations of pallor, sweating, 
tremulousness, coldness of the extremities, and a tendenc}’’ in some toward a 
drop in oral temperature.” 

In ^dew of the advisability of routine carbohydrate feeding to flight personnel 
suggested by the experimental evidence that a high carbohydrate intake leads 
to a gain in altitude tolerance (3, 4, 5), it becomes of practical importance to 
establish unequivocally the existence or non-existence of a relationship between 
a high carbohydrate intake and a subsequent hj-poglycemic s 3 mdrome. It is 
obvious that the “occurrence of such reactions as weakness, intense hunger, and 
tremor, either mild or severe, may lead to disastrous results in flight and would 
be especially dangerous should they develop at or about the time of landing” 
( 2 ). 

The present study was undertaken to determine whether the hypoclycemic 
sjmdrome similar to that described by D’Angelo (2) after dextrose administra- 
tion would be induced bj^ the more common article of food, sucrose. 

Procedure. Forty-four medical students, three of whom were women, 
served as volunteer subjects. In order to avoid the possibility of suggestion 
playing any part in their subjective state, they were told that the purpose of 

1 The expense of this investigation was defrayed by a grant-in-aid from the Sugar Re- 
search Foundation. 


263 



264 


JOHN HALDI AND WINFRET 'ftTTNN 


the experiment was to obtain data on the sucrose tolerance curve. Care was 
taken to avoid any reference to the hypoglycemic sjmdrome. 

On the day of the experiment the subjects came to the laboratory in the 
fasting state. Two basal blood samples were taken: arterial 63^ finger puncture 
and venous by venepuncture. The subjects then drank a lemon-flavored 
sucrose solution containing 1.5 grams of the sugar per kilo body weight in 400 
cc. water. For the remainder of the morning they continued in their usual 
activities reporting to the laboratory at hourly intervals for the next four hours 
for the drawing of blood samples. No other food was taken until the mid- 
day meal. Objective estimates were recorded by four members of the research 
staff on the ph3’’sical and behavioral reactions of the subjects. In the course 



Fig. 1. Sugar concentrations in arterial and venous blood following the ingestion of 1.5 
grams sucrose per kilo body weight in 400 cc. water. 

of a general conversation with each subject at the conclusion of the experiment 
comments were ehcited on how he felt. Again care was exercised to avoid 
suggestion. 

The arterial blood was analyzed for sugar by the Hagedorn-Jensen procedure 
and venous blood by the Shaffer-Hartman-Somogyi method (6). In view of 
our previous experience that the Hagedorn-Jensen procedure in our laboratory 
3delds values approximately 16 mgm. per cent higher than the Somog}”! method 
it was first thought it would be satisfactory to apply a correction factor for 
equating the arterial and venous blood sugar concentrations. Later when the 
experiment was in progi'ess it was decided to analyze the venous blood also by 
the Hagedorn-Jensen method in order to obtain a more accurate comparison 
between the arterial and venous blood sugar values, l^enous samples obtained 
from 33 subjects were anab’-zed b3’' both procedures. 

Results. The average concentrations of sugar in arterial and venous bloo 
throughout the experiment are presented in gi'aphic form in figure 1. The 
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curves of venous blood sugar have the contour of those usually obtained in 
normal individuals on the glucose tolerance test. The concentrations which 
rose appreciably one hour after ingestion returned to the basal vithin two 
hours and dipped below this level the third hour. The concentration in arterial 
blood which was at the same level as in venous blood in the fasting state rose 
to an appreciably higher level in the first hour and returned more slowly to the 
basal than is the case with venous blood. Unlike the latter it did not fall 
below the basal. 

Analysis of the individual data revealed that by the Somogjd method, (which 
gave lower values than the Hagedorn-Jensen procedure) only 9 out of 44 sub- 
jects had a blood sugar concentration below 80, 6 below 70, and 1 below 60 in 
the third hour after the ingestion of sugar. From these results it may be con- 
cluded that hypoglycemia, in the generally accepted sense of the term, is not a 
usual response to the ingestion of a large amount of sucrose. 


TABLE 1 

Blood s^tgar concentrations after ingestion of glucose and of sucrose {l.B grams/kilo in JfOO 

cc. loafer)* 


SUGAli INGESTED 

! BASAL 

1 

MINUTES AETER INGESTION 

2 

5 

10 

IS 

30 


Blood sugar — ^mgm.% 

Glucose 

95 

■■ 

108 ! 

125 

■i 

n 

Sucrose 

95 

■1 

107 

122 

m 

n 


* Each value is an average ot 26 experiments. 


The observations recorded by the objective observers were uniformlj'' in 
agreement. In only two of the subjects were there manifest any symptoms or 
physical signs that bore a resemblance to the hypoglycemic sjmdrome. Both 
these subjects (one man and one woman) were somewhat nervous. Each 
complained of a sense of faintness. Perspiration was observed on the fore- 
head and palms of the hands. However, it is important to note that in both 
these individuals these signs were present before sugar was taken. It is a 
.reasonable assumption that fear over being stuck vdth a needle was responsible 
for the reaction. To all outward appearances the ph 5 ’^sical condition and be- 
havioral pattern of all the other subjects were no different from those which had 
been observed in our previous frequent contacts with them. 

Inspection of the subjective reports wlrich were recorded after the interview 
showed that 31 of the 44 subjects felt 'perfectly normal.” Frequentlj'' the 
comment was volunteered by a subject that he was surprised to find he could 
get along just as v ell on the sugar as on his usual breakfast. Of the remaining 
13 subjects, S stated that the}'' felt hungry at 11; 00 o’clock or at noon; two 
(as stated previously), appeared faint and nervous; one complained of headache 
at 12 o’clock; and two were somewhat nauseated from 10:00 o’clock on. 

This discrepancy between our results with sucrose and those of D’Angelo 
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with dextrose suggested the possibilit 3 ’- of a slower rate of absorption after 
sucrose ingestion. If such were the case a more rapid rise in the blood sugar 
concentration follo\nng the administration of dextrose might conceivably ac- 
count for the difference in the results. This seemed improbable in view of the 
findings of Rabinovdtch (7) that the sugar concentration of venous blood of 
diabetics showed an appreciable rise within 5 minutes after drinking a 5 per 
cent aqueous solution of sucrose containing 10 grams of sugar. However, it was 
considered advisable to obtain comparative determinations on the rise of ar- 
terial (finger tip) blood on noimal subjects after ingestion of glucose and sucrose. 
One and five-tenths grams of these two sugars per kilo body weight was ad- 
ministered on different da 3 >’s to the same subjects. The sugar was dissolved in 
400 cc. of water and tAvo minutes allowed for drinking the entire amount. The 
averages of 26 experiments AAuth each sugar on 9 subjects are presented in table 1. 

From these observations it is apparent that the sugar concentration of the 
blood rises with equal rapidity after the ingestion of glucose and of sucrose. 
ObAuousty sucrose is inverted promptly in the gastro-intestinal tract. 

The sugar Avas consumed in these experiments at 2:30 in the afternoon. No 
other food aa'RS eaten before the eA'^ening meal 3 ^ to 4 | hours later. In no 
instance did the subjects experience the s3'mptoms of the hypoglycemic reaction. 


CONCLUSIONS 

A stud 3 '' of the blood sugar concentration and the behavioral response of 44 
health 3 '' 3 'oung adults failed to iweal any evidence of the so-called h 3 'pogl 3 ’'cemic 
S3mdrome diulng a four hour period folloAving the ingestion of 1.5 grams sucrose 
or of dextrose per kilo bodi’’ weight. 

The blood sugar concentration rose AAUth equal rapidit3'’ after the ingestion 
of sucrose and of dextrose. 

These experiments offer confirmatory evidence for the conclusion draAATi 
from preAdous studies that the hypogl 3 ’’cemic s3aidrome is not the usual response 
of noimal health3'' adults to a high carboh3>'drate intake. 

Correction in Figure one. The first point onl3'', i. e. those on the ordinates, 
are the basal A^alues. The sucrose was injected immediatel3" after draAiiiig the 
basal blood sample. 
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Pressure tracings from the left auricle and the pulmonary veins have been 
obtained, using the cardiac catheterization technique (1, 2, 3, 4) in three young 
human subjects, 5 months, 2 years and 5 years of age, with an interauricular 
septal defect; and compared mth pressure tracings in the right auricle. As 
far as can be ascertained such tracings have not been previously reported in 
man. The auricular septal defect was not associated in any of the cases with 
a demonstrable anomaly of the mitral or tricuspid valve. There was no evidence 
of cardiac decompensation at the time of study, and on the basis of the fluoro- 
scopic findings there was no apparent dilation of the right or left auricle. The 
systolic blood pressure in the right ventricle was elevated in the 3 cases, pre- 
sumably as a result of an increase in pulmonaiy flow; however, in one case a 
moderate degree of pulmonary stenosis could be demonstrated, the pulmonary 
artery systolic pressure (33 mm. Hg) being lower than the right ventricular 
systolic pressure (59 mm. Hg). 

Technique. A no. 6 French ureteral radio-opaque eatheter was introduced 
into the venous system by way of the internal saphenous vein exposed in the 
femoral region. Under fluoroscopic control the tip of the catheter Avas placed 
successively in the right auricle, the left auricle and one of the pulmonary 
veins (fig. 1). Tracings Avere obtained, AAuthin a short time interAml, from the 
A'^arious locations, using a Hamilton manometer and/or an electrical apparatus 
(5) for the pressure recordings. Electrocardiograms AA-ere taken simultaneous^'' 
using the standard lead II. The time lag betAA'een electrical eA’^ents recorded 
Avith the electrocardiograph, and mechanical eA'ents simultaneouslj'' induced 
and recorded, Avas found to be 0.01 second, for both types of manometers. 
During the entire procedure, a steady state of the respiration and circulation 
Avas maintained, the subjects being under aA’^ertin anesthesia. 

Results. In the top roAv of figure 2 appear pressure tracings taken Avith 
the Hamilton manometer a feAV minutes apart from the right auricle and from 
the left auricle of the child 5 months old. In the bottom roAv is illustrated a 
tracing recorded from the left auricle,, 'of a child, age 2 years, using the electrical 
recorder. The similarity of both tracings of left auricular blood pressure is 

' Under grants from the Commonwealth Fund and the Life Insurance hledical Research 
Fund Gift for Study of Action of Certain CardioA'ascular Drugs. 
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Fig. 1. X-ray of the chest in a case of a 6 month old child with the tip of the catheter 
located in the right auricle (left) and in a pulmonary vein (right). The catheter was 
introduced into the venous system through the right internal saphenous vein at the femoral 
region. Its tip is located in the right auricle (left x-ray picture), and then passed through 
an interauricular septal defect into the left auricle and a left pulmonary vein (right x-ray 
picture). Note that the catheter tip lies outside the heart shadow in the latter picture. 
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Fig. 2. Tracings of blood pressure taken from the right auricle (upper row — left) and the 
left auricle (upper row — right and lower row). 

Both records in the upper row were taken within a few minutes interval, in a 5 month 
old child, under avertin anesthesia, through a number 6 catheter connected with a Hamilton 
manometer. The time lag in the recording system, including the catheter , between elccti i- 
cal and mechanical events was 0.01 second. There is no parallax between the electro- 
cardiogram and the pressure tracings. Note the marked pulse rate variation and the 
inversion of the P wave on the left ECG tracing. 

The record in the lower row was taken in a two and one half year old child through a 
number 6 catheter connected with an electrical recording system (see text). 
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striking vriith regard to the shape of the curve and the amplitude of the pressure 
variations during the cardiac cycle. 

Tracings from the left auricle, however, differed greatly from blood pressure 
curves of the right auricle in the follovdng characteristics: a. The pressure 
rise during the auricular systole was greater, and in 2 cases where the tracings 
could be satisfactorily compared, the pressure at the peak of auricular systolic 
wave in the left auricle averaged 13.1 mm. Hg as against 4.7 ,mm. Hg in the 
right. 6. The slightly positive wave or notch corresponding to the onset of 
ventricular systole, clearly visible after the right auricular systolic wave, was 
not visible on the left auricular tracing, c. The pressure decrease in the auricle 
during the period corresponding to the descent of the base was much greater 
in the left than in the right auricular tracing, d. The pressure rise simulta- 
neous vdth the ventricular ejection phase, and corresponding to the rapid phase 
of auricular filling, was much greater in the left auricle, averaging 11.7 mm. Hg 
as compared to 3.7 mm. Hg in the right, and its slope was much steeper. 

TABLE 1 


Mean pressure measurements in the right and left auricles and in the left pulmonary veins 


CASE 

a6e 

RIGHT AtJRlCLE 

ECrX AURICLE 

^ LEFT PULMONARV 

vein 



mm. Hz 

mm. Sz 

mm. Bz 

G. D. no. 329 

5 months 

+1.0 

+5.0 

+7.0 

F. G. no. 267 

2 years 

+1.6 

+3.2 

+5.0 

C. G. no. 296 

6 years 

+1.5 

+4.0 

+6.5 

Average 


+1.4 

+4.1 

+6.2 


e. Finally, the decrease in pressure corresponding to diastolic inflow was 
more marked in the left than in the right auricular tracing. 

In table 1 are tabulated the mean pressures in the light and left auricles and 
pulmonary veins, obtained by planimetric integration of the area under the 
pressure curves and averaged for the 3 cases. The average mean pressure in 
the right auricle checks well vith figures obtained in normal adults. The 
pressure gradient between the left mean auricular pressure and the right, re- 
spectively 4.1 mm. Hg and 1.4 mm. Hg is very significant. 

Discussion. It has long been suspected by clinicians that the pulmonary 
blood flow is considerably increased in cases of interauricular septal defect. 
Presumably this large blood flow is due to shunting in variable amount of 
pulmonary venous blood from the left to the right auricle and thus adding to 
the returning systemic blood flow. The observations reported here give ob- 
jective evidence of such a shunt. The mean pressure being higher in the left 
than in the right auricle, provides a pressure gradient which favors the shunting 
of blood through the septal defect in the expected direction. Since it is known, 
however, that in cases of interauricular septal defect the arterial o.x^^gen satura- 
tion is sometimes lower than normal, especially during periods of increased 
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activity, shunting of blood from the right to the left auricle is also a distinct 
possibility. An analysis of instantaneous pressure differences between both 
auricles would be required to provide factual evidence of this additional shunt. 
Using a double lumen catheter (6) for simultaneous recording ’of pressures in 
both auricles would seem to be the best method to provide pressure records 
for such analyses. The size of the venous system in the young subjects studied 
precluded the use of this type of catheter. However, a reversal of interauricular 
blood flow, proceeding from right to left during a short phase of the cardiac 
cycle, may be assumed on the basis of the distinctly lower level of pressure 
attained in the left than in the right auricle during the period corresponding to 
the descent of the base. 

In analyzing the factors contributing to differences in contour and pressures 
in tracings taken from each auricle the following should be emphasized; a, 
changes in hydrostatic levels affecting both differentially; b, transmission of 
pi’essures from one to the other through the abnormal communication; c, sepa- ' 
rate dynamic conditions prevailing in each. 

Wiggers (8) has suggested that the left auricle might be more affected than 
the right bj’' the up and down movements of the ventricular base. It seems 
unlikely that shifts in the hydrostatic level account alone for the large differ- 
ences in form and pressure. 

If for the sake of discussion, the presence of an abnormal communication in 
the interauricular septum is invoked to explain the higher peak of the left 
auricular systole, the following sequence of events may be postulated: (1) As 
the wave of excitation from the S-A node (impulse) has been shornr to arrive 
0.015 sec. sooner in the right auricle than in the left, the earlier effects of pressure 
rise in the right auricle would be transmitted through the defect; (2) these 
would result in an increase in volume of and initial tension in the left auricle 
before its systolic contraction starts; (3) the higher systolic peak would, there- 
fore, be due to a summation of effects of increased initial tension and energy 
produced by the left auricular contraction. However, the very large pressure 
difference between the peaks of auricular systole in each chamber, averaging 
8.4 mm. Hg would seem to argue against this explanation. 

Indeed, the other individual characteristics observed in the left auricular 
tracings, i.e., the large pressure drop corresponding to the descent of the base, 
the steeper slope and inore' rapid rise of pressure during ventricular contrac- 
tion, cannot be accounted for rmless the notion of inherentl}'’ distinct djmamic 
conditions in both chambers is introduced. There are anatomic differences 
between (a) the two auricles, the left auricular wall being thicker than the 
right; (b) their venous reservoir, the 4 pulmonary veins being shorter and their 
diameter smaller than the superior or inferior vena cava and (c) both ventricles, 
the muscular development of the left ventricle being much greater than the 
right. These anatomic differences suggest that the left auricle is less deform- 
able than the right; that its venous reservoir has a smaller capacit}', and finally 
that effects of muscular acthdty of the left ventricle upon volume and tension 
in the left auricle may be more pronounced than similar activity of the right 
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ventricle upon volume and tension in the right auricle. Such dynamic differ- 
ences are compatible vdth the tracings reported. They -would tend to explain, 
in addition, why the large pressure changes in the left auricle do not influence 
.pressure conditions in the right auricle, as they are transmitted through the 
defect. 

While pressure curves in the left auricle have been reported many times in 
dogs, (8) there is a lack of information concerning the amplitude of pressure 
variations. A casual reference is made in Starling’s Physiology to a higher 
pressure in the left auricle than in the right. According to Wiggers (9) who has 
had considerable experience in recording left auricular pressures in dogs "with 
open chests, most of these have not been measured as it is not easy to obtain 
auricular pressure records free from extra-cardiac impacts especially in the 
case of the left auricle. However, Hamilton, Woodbury and Vogt (10) have 
shown that pressure variations in the pulmonary veins of intact, unanesthe- 
tized dogs were of large amplitude during each cardiac cycle providing, there- 
fore, some suggestive e^ddence that there maj’’ be differences in the dynamics 
of the two auricles of the dog. 


SUMMARY 

1. In 3 human subjects -^Adth an interauricular septal defect pressure tracings 
were obtained successively from the right auricle, the left auricle and a pul- 
monary vein. 

2. The amplitude of pressure variations and the mean pressure in the left 
auricle was greater than in the right. 

3. The importance of these findings in relation to the mechanism of blood 
shunt in interauricular septal defect is discussed. 

4. It is suggested that in normal man dynamic conditions may not be identical 
in both auricles. 
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While a variety of indices of the. development of cu’culatory shock are now 
available for the experimentalist, the clinician must still rely almost exclusively 
upon determinations of blood pressure and palpation of the peripheral arterial 
pulse in order to follow the course of circulatory failure. It is a common ob- 
sen’^ation that shortl}'’, after a moderate hemorrhage in which blood pressure is 
reasonably well maintained the peripheral pulse may become intensified and 
assume a bounding quality. If blood pressure subsequently falls toward 
terminal shock levels this pulse is gi’adually replaced by a thready pulse of 
small amplitude and rapid rate. An analysis of these pulse foims with the aid 
of optical recording methods would not only serve to clarify the cause of changes 
in the pulse in shock, but also might offer information as to alterations in the 
arterial system during the circulatory failure. The femoral arterial pulse of 
the dog is particularly well suited for such an experimental analysis because it 
represents the peripheral pulse whose genesis has been most thoroughly, in- 
vestigated. 

Shock Technique, In order to determine whether the peripheral pulses during 
progressive circulatory failure of hemorrhagic shock show specific character- 
istics, it is necessary to compare them nith pulse forms which are observed 
during benign hjTpodynamic states. Such comparisons maj^ be made by using 
the step-wise hemorrhage method described by Lawson (12) in the bleeding 
and reinfusion procedure developed in this laboratory for production of stand- 
ardized hemori’hagic shock (11, 19). Dogs were anesthetized with sodium 
barbital (ca 280 mgm./kgm.). Mean pressures were recorded by cannulating 
the right axillar}’' artery. Pressure was reduced to 50 mm. Hg b}' repeated 
withdrawals of 2 cc. of blood per kgm. from a femoral arteiy every two minutes. 
In some experiments it was lowered temporarilj’’ to 30 mm. to make observa- 
tions at this level and then sufficient blood was promptlj’’ reinfused to return 
the animal to the 50 mm. level. By recording optical pulses during the inteival 
of stabilized blood pressure before each bleeding, control records ^ycl^c obtained 
of the pressure pulses at successively lower levels of simple hemorrhagic hypo- 
tension. The pressure was maintained at 50 mm. Hg for 90 minutes. It was 
then reduced to 30 mm. Hg and maintained there until either respiratoiy failure 
threatened or it proved necessary to reinfuse more than 10 cc./kgm. of the 
withdrawn blood in order to prevent decline of mean pressure below 30 mm. 

^ This investigation sponsored by a grant from the Comnionwealtli Fund. 
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All \\Ttlidrawn blood, properly warmed and filtered, was then reinjected by a 
femoral vein. One of the two criteria for terminating the hjqiotensive period 
was usually encountered after 40 to 60 minutes at the 30 mm. level. Of a 
total of 22 dogs submitted to this procedure, 9 exhibited fulminant failure and 
death either at or shortly after the end of the 30 mm. period, 10 returned to a 
good blood pressure level after remfusion but died in shock 45 to 300 minutes 
later, 1 showed a protracted failure, and 2 gave no indications of shock. 

Technique for Recording Central and Femoral Pressure Pxdses. Optical pulses 
were recorded as lateral pressures in order to exclude the necessity of consider- 
ing the kinetic factors in the blood column in the interpretation of the pulse 
tracings. Lateral aortic pressures were recorded by passing a sound down the 
left carotid artery. Lateral femoral pressure was obtained by inserting a 15 
gauge needle about 1.5 cm. in length into a small branch of the femoral artery 
until its tip came flush with and at right angles to the wall of the femoral artery . 
In some experiments a third pressure pulse was recorded b 3 ’- means of a 13 or 
15 gauge needle inserted into the dorsalis pedis arter}’- a few centimeters below 
the ankle joint. 

The optical manometers were similar in design to those used bj’’ Green (6) 
except that a tense rubber membrane was used in preference to the glass mem- 
brane and the manometer was supported in a special clamp which provided 
accurate adjustments for the horizontal position of the light beam. The ade- 
quacy of the manometers was indicated bj’’ natural frequencies of 125 to 150 
per second when connected with the aortic sound and frequencies of 80 to 110 
when connected to the needles used for femoral and dorsalis pedis pulses. 

The optical sj'^stem represented somewhat of a departure from other methods 
currently in use (cf. 6). In order to take advantage of the sharp image obtain- 
able with the slit lamp and still avoid parallax a simplified multiple slit lamp 
was emploj^ed. This consists of a 250 Avatt projection lamp shining through a 
metal plate in ivhich are machined a series of vertical slits 1 mm. lA’ide and 3 
mm. apart. A large 25 diopter cjdindrical lens with long axis vertical placed 
immediately behind the plate and a 4 diopter spherical lens in a draw-tube in 
front of the plate seiwe to flood the manometer bench with a whole series of 
slit beams. B}'- slight lateral movement the mirror of any manometer maj^ be 
brought into the center of one of these beams. The mirrors are 0.5 diopter 
silvered lenses which make possible the focusing of a sharp image of the slit at. 
the camera placed 2 meters from the manometers. Adequate recordings are 
obtained with this arrangement at the I’ecording speed of 120 riim. per second. 

Anj’’ critical worker with sensitive optical recording equipment is familiar 
with the fact that calibration levels are prone to shift from time to time in 
spite of rigorous precautions to avoid this in the design and manipulation of 
the instruments. Therefore, after each recording the manometers ivere switched 
from the animal to a pressure sj'stem and a short recording made with the 
s.vstem at some standard calibration pressure in reference to fixed base-lines 
pi ejected from stationarj’’ mirrors on the manometers. Pressures in all in- 
stances were standardized in reference to the hjrirostatic level of the carotid 
artciy. 
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General Characteristics of Central and Peripheral Pressure Pulses. The upper 
graph of figure 1 shows changes in mean arterial pressure during stepwise hem- 
orrhage and during the maintained periods of 50 mm. and 30 mm. hypotension; 
the latter eventuating in death in this instance. Illustrative optical records of 
aortic and femoral pressure pulses obtained at times marked A-J are shown in 
sections of records below. The aortic pressure curves (A-G) show progressive 
reduction in pulse pressure and a slower elevation of the ascending limb. The 
diastolic limb shoAvs a progressive decrease in gradient, and in segment F has 
become quite flat. These transformations are essentially similar to those which 
follow rapid massive bleeding, the only difference being that the characteristic 
development of a primary spike does not occur. This was also noted by Werle 
et al. (19). 

The femoral pressure pulses in this series show a variety of changes which can 
be classified into four general types. The typical normal form shovm in seg- 
ment A of figure 1 may be termed type I. It is characterized by rolling primary 
and dicrotic waves with a pulse pressure 1.5 to 2.0 times that of the aortic 
pulse pressure. "^^Tiile aortic pulses in segments C and D do not change sig- 
nificantly in form and display a slight decrease in pulse pressure, the femoral 
pulse shows a more rapid rise and fall of the primary wave with a pulse pressure 
increasing to almost three times that of the central pulse pressure. There is 
also a tendency for the positive dicrotic wave to become more prominent. 
This form may be identified by designating it type II. In records E-G while 
the central pulse still shows relatively minor changes in contour the femoral 
pulse shows a progi’essive slowing in the rise and fall of the primary wave and 
a reduction in the dicrotic wave until in segment G the dicrotic wave virtually 
disappears. These pulses are verging towards a type III pulse in which, al- 
though the femoral pulse pressure is still significantly greater than the central 
pulse pressure, the primary AA'-ave is gi-eatly broadened and the dicrotic waves 
are absent. A more striking form of this type III pulse will be observed below 
in the right hand recording for dog 6 in figure 6. Finalljq in segments H-I the 
foim of the central pulse is markedly changed to an abrupt rise and fall during 
S 3 ’^^stole Avithout much change in numerical pulse pressure. Yet the femoral 
pulse becomes greatly broadened and for the first time the femoral pulse pres- 
sure becomes smaller than that in the aorta. These femoral pulses may be 
called type IV. 

Physical Factors Affecting the Form and Amplikide of Feinoral Pulses. It is 
Avell established that the peripheral pulse represents a fundamental pressure 
AvaAm created in the aorta and transmitted toward the peripher}’' AA'liich sum- 
mates AA*ith waves reflected back from the periphery. According to Hamilton 
and Doaa" (9) the AA'aAms reflected from peripheral arterial beds beloA\' the thorax 
are projected back to the aorta almost simultaneously and by summation pro- 
duce a large pressure oscillation or “standing AA'ave” in the central compression 
chamber. This summated reflected AA'aAm usually rises just after the foot of 
the transmitted fundamental AA'aA’e has reached the femoral arteiy. As a 
result, the two AA-aA-es merge indistinguishably and raise the sj'stolic peak pres- 
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sure in the femoral arteiy to a level which is considerablj^ higher than sj’-stolic 
aortic pressure. 




rig 1. Dog 4 Upper grapli; Plot of bleeding volume (BV) expressed as per cent of 
bocl> 1 eight and mean Wood pressure (MBP) in millimeters Hg for entire experiment 
u BC tracings shown below obtained at tlie points indicated. Upper tracing in eac^li record • 
aortic pulse;, lower tracing: lateral femoral pulse. Systolic and diastoHc prcLures w: 
dicatcd. lime signal in all recordings indicates 0.02 second for each double vibration. 


fi are shown schematically in 
glue 2. Iho top row shows a tMucal aortic pulse as well as the transmitted 
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fundamental wave and the standing waves produced by reflections under normal 
conditions. For the sake of simplicit3’’, the form of the transmitted wave is 
pictured as that of the central pulse with rapid oscillations damped out. The 
summation of the reflected waves is assumed to produce a simple sinusoidal 




TR ANSMITTED 


R EFLECTEO 


FEMOBAt PULSE - TYPE W 


Fig. 2. Schematic synthesis of femoral pulse types as described m text 

Standing wave. Although neither of these assumptions are strictly correct 
they serve quite well for a fii-st approximation. The second row m hgure z 
illustrates the addition of the two components to form the tjqiical norma 
femoral pulse of tjTDe I. The third row illustrates the changes that may be 
anticipated if for any reason the distensibility of the compression c mnflDcr 
decreases; the fourth row the changes that would similarly result if the dis- 
tensibility increases. It will be observed that the resultant effects on cm r< 
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pulse contour correspond to changes in the pulse form which have been identi- 
fied above as tj^es II and III. The cause of these changes is obvious. When- 
ever the distensibility of larger arteries decreases, i.e., when their walls become 
more tense, the period of the summated standing wave decreases and its ampli- 
tude increases. Since the speed at which both fundamental and reflected 
waves are transmitted will increase, the waves will summate earlier. Vice 
versa, when the distensibility increases the standing wave produced by the 
summated reflections will have a longer period and a decreased amplitude. 
Since the waves are transmitted more slowly, summation with the fundamental 
transmitted wave is delayed until it approaches its summit. 

It is more difficult to resolve the factors which enter into the development of 
the type W femoral pulse that is observed at very low blood pressures. Since 
peripheral pulse pressures are significantly less than aortic in this type, it is 
obvious that there must be a great damping of the central pulse in its trans- 
mission. If any reflected component is present under these conditions it must 
be of extremely low amplitude and frequency due to passive release of elastic 
tension in the arterial tree as a result of the great reduction in diastolic vohune. 
The combination of these two factors would lead to a pulse contour whose 
components might be pictured as in the last row of figure 2. 

While such a theoretical S 5 ''nthesis of pulse tjqpes does not in itself prove the 
mechanism of changes in pulse contour observed in the animal, it does offer a 
rational approach to the interpretation of pulse form. The algebraic subtrac- 
tion of all curves to determine what changes occur in the form of the reflected 
wave system represents too arduous a task to be practical. It also would be 
subject to the criticism that the precise form of the transmitted wave is not 
definitely known. However, by measuring a few critical variables a fair esti- 
mate of changes in the properties of the arterial tree may be made. First, the 
elastic condition of the aorta may be assessed by measuring the transmission 
rate (TR) of the pulse wave to the femoral artery. When such measurements 
are made between two fixed points in the same animal one avoids the objections 
that have been raised against the use of pulse transmission rates for such a 
purpose (20). Secondly, since the peak of the femoral pulse represents the 
addition of a reflected wave to the transmitted wave, the difference between 
the femoral pulse pressure (FPP) and the central pulse pressure (CPP) should 
indicate the approximate magnitude of the summated reflected wave. When 
expressed as the ratio: FPP/CPP, values gi-eater than 1.0 should be indicative 
of the addition of a significant reflected component in the femoral pulse. Fi- 
nall 3 % since the peak contour of the femoral pulse is primarity determined b^*- 
the reflected components in pulse tjqies I, II, and III, the time inteiwal re- 
quired for the pulse to rise from its foot to its peak (FP) should give an estimate 
of the speed of reflection and the period of the standing wave. Similar infor- 
mation should be obtained by measuring the rate at which the wave falls from 
the peak toward the dicrotic notch. The time required for the catacrotic 
limb to fall half way from its peak to the diastolic level PF) was selected for 
this determination in order to avoid the dicrotic phase of the pulse. The 
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dicrotic waves themselves have been found to involve too man}^ complicating 
features to submit to any rigorous quantitative analj^sis. That the dicrotic 
portions of the pulse waves do exhibit certain general changes in agreement 
with predictions will become eAudent in the further analysis of the original 
tracings. 

To correct for passive changes in elasticity due to changes in the dynamic 
level of the sj^stem appropriate pressures had to be selected to Avhich each set 
of measurements could be related. Prom a detailed study of the data as well 
as on the basis of certain theoretical considerations the folloAving con-ektions 
appeared most significant: Transmission rate of the pulse wave (TR) ivas 
related to the diastolic pressure existing in the aorta at the moment of initiation 
of the pulse Avave (3). The duration of the anacrotic limb of the femoral pulse 
(FP) AA^as related to the diastolic pressure existing in the femoral artery at the 
onset of tlie pressure rise, and tlie catacrotic fall of the femoral pulse (| PF) AA-as 



Fig. 3. Plot of raw data for transmission rate (TR) and duration of the first half of the 
catacrotic fall of the femoral pulse PF) for dog 22, illustrating the calibration technique. 
Solid circles indicate values obtained during the hemorrhage, open circles indicate values 
obtained during the post-reinfusion shock. 

related to the sj^stolic pressure existing in the femoral artery at the moment the 
pulse started its descent. 

Calihraiion Technique for Pulse Comparisons. t^Ten values for these re- 
spectwe Amriables Avere plotted respectit^ely dui’ing the period of initial hcmoi- 
rhage and post-reinfusion circulatory failure, certain general trends of the data 
became apparent. Figure 3 shoAA's plots of such relationships of TR and v PF 
against their respective pressures. Values plotted in this manner faile to 
reveal trends during the initial period of hemorrhage AAdiich Avere in accord AAiti 
anj'’ simple djmamic explanation based on the knoAvn volume-elasticity pi opei - 
ties of the excised aorta of the dog. Pulse transmission rates consistently 
failed to exhibit an essentially linear trend as pressures loAieied (10), ten mg 
rather to shoAv an inflection in their course toAvards relatively more rapid trans- 
mission. The marked boAAung of the \ PF data early in hemorrhage towards 
a more rapid fall in pressure from the s 3 'stolie peak indicates a tians oima ion 
to a femoral pulse form of tj'pe II in this animal, in keeping Aiith tie simi ai 
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trend in dog 4 described above (fig. 1). These observations all point toward 
the occurrence of an active tensing of the central arterial system as hemorrhage 
is instituted. Since it is during this same period that compensatory vaso- 
constriction is knonm to occur it would appear that under these conditions, 
at least, the vasoconstrictor response involves a tensing of the central arterial 
vessels as well as a constriction of the arterioles. Such a parallelism between 
the response of the small vessels and the larger vessels has been assumed to 
occur generally by most investigators in the field (cf. review by Bazett (2)). 
As described above, after this initial shift towards type II, further bleeding 
leads to a more marked fall in blood pressure accompanied by a transformation 
of the femoral pulse towards tj-pe III. Vasomotor changes are not necessary 
to account for this latter shift, since it obviously represents the passive relaxa- 
tion of the central arteries as the volume of blood distending them is decreased. 

If post-reinfusion pulse contours are to be compared vdth these forms ob- 
served during hemorrhage, it is obvious that some allowance must be made 
for the compensatory alteration in pulse form as blood pressure lowers. This 
has been accomplished by regarding the values obtained during the hemorrhage 
period for each individual animal as the “control” response of this animal to a 
lowered blood pressure. “Calibration curves,” indicated by the ' continuous 
lines in figure 3, were therefore constructed through these points and all data 
could then be expressed as per cent deviations from these curves at the corres- 
ponding pressure. 'When plotted in this manner as in figure 4 the calibration 
curve is represented by the dashed horizontal line at zero per cent deviation. 

It should be emphasized that this method of analysis automatically corrects 
for both physical and physiological variables that are encoimtered in the dy- 
namic changes resulting from a simple hemorrhagic fall in pressure. Since the 
total hemorrhagic period involved a progressive fall in blood pressure over a 
period of 40 minutes, it is assumed that all the normal compensatoiy reflexes 
to an acute fall in blood pressure had ample time to exert their influence on the 
calibration curves. To test the reliability of these calibration curves we made 
a second series of measurements of different pulses from the same recordings 
of the hemorrhage periods of dogs 13 and 22. The standard deviations of this 
series of twenty additional sets of measurements from the calibration values 
were ± 3.2 per cent for TR, ± 3.5 per cent for FP, and ± 3.8 per cent for J 
PF. These deviations appear to represent little more than the error of measure- 
ment itself. Within the limits of accuracy with which the interwals could be 
measured, therefore, the calibration curves are a reliable description of the 
manner in which the respective variables were altered by the progressive lower- 
ing of the blood pressure during the period of hemorrhage. 

Changes, in Ptilse Contour During the Hypotensive Periods. Illustrative 
examples of the pulse changes in an animal that failed to respond to reinfusion 
at the end of the hjTpotensive period have ahead}’- been presented in figure 1 
above. Of the ten animals which died in shock after exhibiting reasonably 
adequate responses on reinfusion of the withdra-^ra blood thi’ee have been 
selected as best representing the t 3 ’pical trends observed in the course of the 
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circulatory failure. The analysis of the records for two of these are presented 
in detail in fi^re 4. A series of original pulse recordings for the third of these 
animals is shoRui in figure 5. 

The general trends during the hypotensive periods are best illustrated in the 
data for dog 13 in the upper part of figure 4. In most instances there is an 
acceleration in heart rate during this period coupled vuth an increase in the 
pulse transmission rate above the calibration value. The possibility that these 
transmission rates might be influenced by hematocrit changes has been excluded 
(1). This e^ddence of a tensing of the aorta at the time the heart accelerates 
is again indicative of a further compensatory response of the cardio-accelerator 
vasoconstrictor system. If our predictions outlined above in figure 2 are correct 
this tensing of the central arteries should be accompanied by a more rapid rise 
and fall of the peak of the femoral pulse. That such a change actually does 
Occur during the 50 mm. period is indicated by a rise of both the FP and the f 
PF intervals above the calibration level. 

During the 30 mm. portion of the hypotensive period the changes are much 
more variable and dependent in part on the precise course of the particular 
animal considered. In general, however, this period was characterized by a 
tendency for all the variables to fall, the J PF interval dropping far below the 
calibration level. It should be noted that at the same time the FPP/CPP 
ratio drops well below 1.0, indicating a pulse form of tjTJe IV. Hamilton (8) 
has interpreted the disappearance of a reflected component from the femoral 
pulse as being indicative of vasodilatation. In this case such an interpretation 
would be entirely unwarranted, since the change in the elastic tension of the 
arterial tree is quite obviously the passive result of the drastic reduction in 
blood volume. Indeed, in the face of this dominant source of laxity in the 
arterial system, it is quite impossible to draw any conclusions as to the vaso- 
motor status of the animal from Dtjc W pulses. 

Changes in Pulse Contour During the Post-reinfusion Period of Circulatory 
Failure. Inspection of figure 4 reveals that immediately after reinfusion there 
is a transient period of d3mamic readjustment which leads to an interval of 
relative stabilit3^ This is followed b3’' a period in which there is a more obvious 
progressive failure of the circulatory S3’^stem to terminal levels. In general the 
initial period is characterized b5'’ a return of the several variables towards the 
calibration level. This is especiall3’' evident in the FP and 5 PF values for dog 
13 which fell well below the calibration level during the reinfusion and then 
gradualty returned towards the cahbration value. It is difficult to be certain 
just what accounted for the fall in these values. Although the prolongation of 
the FP and | PF intervals is suggestive of a vasodilator response to the reiii- 
fusion, it should be noted that the FPP/CPP ratio remains near 1.0. This 
indicates an absence of any significant reflected component and suggests that 
femoral pulse contour must be explained in terms of the form of the transmitte^ 
wave. Such an' explanation is reasonable since the period of reinfusion is 
characterized b3>’ a gi'eat augmentation of the central pulse due to the large 
increase in stroke volume. 




Fig. 4. Analysis of data from dogs 13 and 22, Plotted from top to bottom; Mean blood 
pressure (,1/PP), heart rate (HR), transmission rate of the pulse {TR) as per cent deviation 
from calibration values, duration of the anacrotic limb of the femoral pulse (PP) in solid 
circles and duration of the first half of the catacrotic fall (i PF) in open circles expressed as 
per cent deviation from calibration values, and ratio of femoral pulse pressure to central 
pulse pressure (FPP/CPP). 
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After this initial period of readjustment the FPP/CPP ratio rises si^ificantly 
above 1.0 and the interpretation of the peak of the femoral pulse as being de- 
termined by the reflected component again becomes valid. During this phase 
and continuing throughout almost the entire period of circulatory failure it will 
be noted that heart rates accelerate progressively and at the same time the 
transmission rate of the pulse remains somewhat above the calibration level. 
If we employ these two factors as indices of the activity of the cardiovascular 
compensatory mechanisms responding to a falling blood pressure, it is evident 
that there is no sign of any generalized failure of these mechanisms until shortly 
before death. The fact that transmission rates exhibit a somewhat greater 
degree of compensatory activity than during the calibration period of hemor- 
rhage may be due to the added stimulant of acidosis on the vasomotor centers; 
or it might possibl}'’ represent the action of vasoconstrictor substances which 
some investigators claim are liberated in shock (18). The contour of the- 
anacrotic limb also fits the picture of an increased volume-elasticity coefficient 
of the arterial tree due to compensatory constrictor activity, since the FP 
intenml is shortened, rising quite significantly above the calibration level in 
the case of dog 22. These observations would suggest a shift towards a femoral 
pulse of type II as observed early in hemorrhage. 

The course of the h PF interval, however, is in marked contrast to this trend. 
As indicated above, the significant dovmward trend of these values during the 
30 mm. period is difficult to interpret because of the greatly reduced femoral 
pulse pressure and consequently a pulse form of type IV. Yet after reinfusion 
when the reflected component has again become prominent as evidenced by the 
higher FPP/CPP ratio, there is still a marked abnormality in the catacrotic 
limb of the pulse. In dog 13 the | PF interval returns to the calibration level 
for a short period after reinfusion and then as mean blood pressure deteriorates 
these values become greatlj’’ prolonged, falling far below the calibration level. 
In dog 22 the recovery of the j PF values after reinfusion never does reach the 
calibration level and towards the latter part of the e.xperiment there is a great 
prolongation of the catacrotic fall in pressure. 

The consequence of these trends on the pulse contour may be appreciated by 
inspecting the actual tracings. In figure 5 are shovTi three pairs of recordings 
from dog 28 arranged so that pulse contoui’s in shock may be compared with 
the pulse contours at roughly equivalent pressures during the initial period of 
hemorrhage. Dorsalis pedis pulses were recorded in this experiment in addition 
to the aortic and femoral pulses. In records A-B and C-D the changes are not 
marked, but a more rapid rise of the femoral pulse together with diminished 
dicrotic waves is evident in B and D. In records E and F the contrast becomes 
marked, the femoral and dorsalis pedis pulses in shock showing a reasonably 
sharp rise of the anacrotic limb followed by a gradual fall of the catacrotic limb 
which is free of dicrotic waves. In figure 6 are presented a series of befoie 
and “after” recordings from several other animals. Although these pulses s ow 
some minor variations, it may be obser\’ed that the distinguishing character- 
istic of the shock pulses is the prolongation of the catacrotic fall with a reduction 
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in or obliteration of the dicrotic waves. The anacrotic rise, on the other hand 
is reasonably rapid in all shock pulses except that of dog 5. The femoral pulse 
in this latter instance will be recognized as an extreme example of the type III 
pulse; its significance in this experiment will be discussed below. 

In table 1 are presented summary data for the 13 animals that responded to 
the reinfusion to illustrate the uniformity with which these trends were obseived 
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Fig. 5. llecordings from dog 28 arranged so that pulses during shock may be compared 
with pulses during hemorrhage. Upper graph as in figure 1; tracings below show aortic 
pulse (upper), femoral pulse (middle), and dorsalis pedis pulse (lower). 


in shock. For this table two points were selected: the point at wliich the pres- 
sure became reasonably stabilized after the reinfusion and the point at which 
the progressive circulatory failure had lowered the mean blood pressure to 
approximately'' SO mm. This latter point was selected arbitrarily as represent- 
ing a moderately advanced stage of the shock process without encroaching on 
the terminal periods of extreme hypotension where a variety of pre-mortal 
changes may enter to complicate the picture. 
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These animals have been arranged in the order of their survival time, the 
first nine representing reasonably t 5 T)ical post-reinfusion circulatory failures of 
varjdng rapidity. Dog 17 was somewhat atjiiical in that it showed early 
signs of rapid failure and then lingered at hypotensive levels for four hours 
before it exhibited a secondary fall to terminal levels. Dog 12 exliibited a 
protracted failure that did not conform to the typical picture of hemorrhagic 
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Fig. 6. Recordings obtained during hemorrhage compared with recordings during shock 
for several animals. Tracings on left show aortic pulse (upper) and femoral pulse (lower); 
tracings on right show aortic pulse (upper), femoral pulse (middle), and dorsalis pedis 
pulse (lower). 


shock as produced by this procedure, although a diagnosis of shock at the time 
it was sacrificed was warranted. Dogs 20 and 10, on the other hand, displayed 
no indications of shock physiologicallj'^ and autopsy findings were negative even 
though they were submitted to the same standard bleeding and reinfusion 
procedure. The veiy gradual fall in pi-essm’e seen in dog 20 during the five 
hours after reinfusion was attributable to a persistent oozing of the heparinized 
blood from the surgical incisions which we were not able to control. 
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Inspection of the data for these animals reveals that with rare exceptions 
the transmission rate of the pulse is accelerated after the reinfusion and remains 
elevated throughout the post-reinfuaon period. Although some of the in- 
dividual values are not statistically significant they consistently exhibited 
general trends of acceleration such as those illustrated in figure 4. Similarly, 
the time required for the rise of the anacrotic limb (FP) was less than the cali- 


TABLE 1 


DOG 

NO. 

MIN. APTER 
REINFUSION 

MEAN 

BLOOD 

PRESSURE 

PULSE PRES- 
SURE ratio: 
FPP/CPP 

TRANS- 
MISSION 
RATE: TR 

ANACROTIC 
LIMB*. FP 

CATACROTIC 

limb:Hp^ 

j SURVIVAL AFTER REINFDSION 






i 


(Min.) 

6 

7 

88 

1.72 

+2 

-21 

+52 

46 


10 

76 

1.57 

0 

-15 

+51 


5 

18 

147 

2.46 

-f-7 

-5 

+24 

90 


58 

85 

1.51 

+15 

-10 

+4 ■ 


11 

5 

106 

1.72 

+2 

-21 

+40 

112 


18 

79 

1.58 

+3 

-48 

+82 


9 

8 

87 

1.36 

-2 

+21 

+30 

136 


82 

80 

1.23 

+15 

-16 

+14 


27 

5 

78 

0.91 

0 

+29 

+56 

160 

28 

9 

126 

0.96 

+4 

+3 

-9 

190 


88 

82 

0.59 

+4 

-11 

+19 


13 1 

16 

140 

1.73 

+5 

-7 

+4 

205 


142 

78 

0.76 

+13 

-6 

+60 


IS 

8 

105 

1.42 

+6 

-21 

+37 

208 


55 

78 

1.17 

+4 

-6 

+14 


22 

15 

no 

1.86 

+9 

+2 

+50 

241 


103 

80 

1.41 

+9 

-16 

+22 


17 

5 

121 

1.54 

+4 

+31 

+63 

300 


42 

78 

1.82 

+10 

+45 

+80 


12 

13 

147 

2.15 

+6 

-13 

+26 

Sacrificed at 330 min. 


289 

81 

1.04 

+1 

-41 

+60 

Blood pressure: 60 mm. 

20 

15 

140 

1.31 

+7 

+42 

+32 

Sacrificed at 300 min. 


285 

98 

1.65 

-4 

-3 

-2 

Blood pressure: 95 mm. 

10 

19 

127 

1.76 

-4 

+13 

+16 

Sacrificed at 270 min. 


260 

116 

1.91 

+5 

-4 

0 

Blood pressure: 118 mm. 


Summary data for the 13 animals for whom reasonably adequate post-reinfusion periods 
were obtained. Transmission rates and the durations of the anacrotic and catacrotic 
portions of the femoral pulse are expressed as per cent deviation from the calibration values 
as described in text. 


bration value in most instances. Definite exceptions to this often were observed 
for transient periods immediately after reinfusion, a response which appeared 
to be especially marked in the case of dogs 10 and 20 which did not develop 
shock. In dog 17 tlfis post-reinfusion increase in the FP interval persisted 
dovTi to the SO mm. level, but shortly beyond this point the interval shortened 
so that it averaged about 25 per cent less than the calibration value throughout 
the latter course of the chculatory failure. In contrast, except for a brief 
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period of shortening obseiwed immediately after reinfusion in dog 28, the | PF 
intervals show a prolongation in all of the animals that developed shock; in 
most instances this was a very significant prolongation. It is therefore" of 
particular interest to note that dogs 10 and 20 which did not develop shock 
exhibited f PP values that were prolonged for a brief period immediately after 
reinfusion but then returned to the calibration level. More than four hours 
after the reinfusion the dm'ation of the i PF intervals in these two that 

did not develop shock was essentially the same as that recorded in the calibra- 
tion data during the initial period of hemorrhage. 

These data demonstrate that in most respects the animal in shock exhibits a 
femoral pulse contour that shows fully as much evidence of compensatory 
vasomotor response as that seen in simple hemorrhage, but the shock pulses 
differ significantly from the hemorrhage pulses in the prolonged slow fall of the 
catacrotic limb. Since in most cases this change occurs with an FPP/CPP 
ratio that is sigmficantly over 1.0 (table 1) and since it is accompanied by a 
disproportionate loss of the dicrotic waves (fig. 6), it would appear that this 
change would probably be related to an alteration in the form of the reflected 
component of the pulse. To verify this, it is necessary to carry out the al- 
gebraic subtraction of the transmitted fundamental wave from the femora] 
pulse to determine the actual contour of the, standing waves created by the 
summated reflections, a procedm-e that is simplified by employing the co- 
ordirectogi'aph devised by Green and Maurer (7). As indicated earlier, the 
transmitted component was assumed to be the central pulse with rapid oscilla- 
tions damped out, a procedure which appears valid as long as one avoids levels 
of significant hypotension where transmission involves gross damping of the 
central pulse contour. The actual reflected components determined in this , 
manner for dogs 13 and 22 are shorni in figure ?. The solid lines indicate the 
reflected components of the shock pulses and are to be compared vith the 
dotted curves which are reflected components found in pulses at appro.ximateIy 
the same pressure values during the hemorrhage period of these animals. This 
comparison reveals that the standing wave created by the reflected component 
in shock rises about as rapidly and at least as soon as that in simple hemor- 
rhagic hypotension, but the initial positive wave has a somewhat prolonged 
fall followed bj’’ a protracted and excessively damped negative oscillation. 
This change in the contour of the reflected component can obviously explain 
the distortion that has been obsen'^ed in the contour of the femoral pulse itself. 

Discussion. Attempts to attribute the declining blood pressure in shock to 
an alteration in the properties of the vascular tree have not been very convinc- 
ing. Evaluations of the changes in total resistance to blood flow (23, 25) have 
failed to reveal any uniform evidence of a deficiencj’" in the response of the 
vasomotor system. These results must be accepted with some reser\mtions 
since they have refei'red the resistance in shock to the resistance of the normal 
animal vithout adequate consideration of the compensatorj'" change in resistance 
that should be anticipated vdth a lowered blood pressure. A suggestion tlmt 
there ma 3 ’’ be some deficienc}’" in this compensation (23) has been supported y 
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some unpublished observations of our oum emplo 3 dng the stepvdse hemorrhage 
technique. Some investigators have claimed that vasodilator substances appear 
in the blood of shock dogs (18), but this finding still awaits adequate confirma- 
tion. Other authors have raised the question as to whether there may be some 
disturbance in the autonomic regulators of the vasomotor system, since intense 
afferent stimulation increases the mortality of dogs subjected to hemorrhage 
(14). However, careful investigations of the blood flow to specific organs have 
failed to uncover any evidence of vasomotor failure in the spleen (13), kidney 
(16), or hind leg (4). These observations indicate that even though the course 
of shock may be influenced by the activities of the autonomic vasomotor regu- 



Fig. 7. Standing waves produced by the summated reflections in shock (solid lines) 
compared with the standing waves produced by the summated reflections at equivalent 
pressures during simple hemorrhage. Determined by direct co-ordirectographic subtraction 
of the transmitted pulse from the later.al femoral pressure pulse. 

lators, the circulatory collapse cannot be explained as a generalized failure of 
this system. 

This does not exclude the possibility that shock inducing procedures may 
precipitate a generalized vasomotor failure in specific instances. An example 
of this we believe to be represented by dog 5. The data in table 1 indicate 
that oS minutes after reinfusion dog 5 was maintaining a pressure of 85 mm, Hg 
and exhibiting a reasonably tjqiical shock pulse udth an abbreviated anacrotic 
limb and a slightly prolonged catacrotic limb. Eight minutes later respiration 
suddenly failed even though blood pressure was stiU slightl 3 '- over the 80 mm. 
mark. Although artificial respiration was immediately instituted blood pres- 
sure fell rapidly and death occurred 24 minutes later. This tjqie of death could 
be accounted for bj’’ a sudden failure of the cerebral mechanisms governing 
respiratory and cardiovascular function, presumably due to injury incurred by 
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these centers during the hj^^otensive period. The bizarre femoral pulse contour 
for dog 5 sho^n in figure 6 was obtained shortly after artificial respiration had 
been well estabhshed. This pulse would obwousl}’- be classified as tjqje III 
(fig. 2), the t3'pe which was predicted to occur in instances where there was a 
loss of normal tone of the central arterial .vessels. That such a loss did occur 
in this instance was evidenced by an accompanying reduction in the rate of 
transmission of the pulse, which dropped from a rate significant^’' faster than 
the calibrated value to a rate considerably slower. The association of femoral 
pulse contours of this type with generalized vasodilatation has pre'\dously been 
demonstrated in the vasodilator response to acetylcholine (8, fig. 3-D) and to 
nitroglycerine (15, fig. 3-A). Similar changes in pulse contour -with a slowed 
transmission rate of the pulse were observed in two instances of fulminant 
shock where there was also good grounds for suspecting vasomotor failure. 

Typically, however, the femoral pulse in shock does not correspond witb 
this vasodilator type III nor is there a slowing of the rate of pulse transmission. 



refuecteo from 

CONSTRICTED BEOS 



REFLECTED FROM 
DILATED BEDS 



SUMMATED REFLECTED WAVE 



transmitted 



Pig. 8. A possible schematic synthesis of the femoral pulse observed in shock 


This latter obsenmtion is of particular importance since dilatation of the aorta 
and central arteries has been suggested as a possible cause for the initiation of a 
decline in blood pressure in shock (21). A test of this possibility was attempted 
bj’’ Wiggers et al. (24) using the aortagraphic technique, but technical difficulties 
forced them to abandon the investigation ■vnthout obtaining conclusive results. 
This possibihtj’’ is now excluded bj'' the data for pulse transmission rate plotted 
in figure 4 and tabulated in table 1. Not onty is there an absence of any sig- 
nificant slowing of these rates, but in most cases there is a definite tendency for 
the rate to accelerate during the period of circulatory failure to values in excess 
of these observed at equivalent levels of simple hemorrhagic hjqrotension. It 
is therefore clear that a process of dilatation of the aorta cannot be called upon to 
accormt for either the abnormal pulse contours or the decline in blood pressure 
in the tj’^pical case of shock. 

Nevertheless, some explanation must be found for the distortion observed m 
the contour of the catacrotic limb of the femoral pulse in shock. As shown in 
figure 7, this distortion is produced by an altered reflected component t at 
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creates a standing wave combining a rapid initial rise followed by a highly 
damped low frequency oscillation. It must therefore relate to an abnormalit 3 ’' 
somewhere in the arterial tree. Our present knowledge of the detailed djmamic 
characteristics of the arterial tree are not adequate to draw any very positive 
conclusions as to the significance of this form of wave. Yet from the stand- 
point of wave sjmthesis one can theoretically explain the genesis of such a_ wave 
as shown schematically in figure 8. The combination of a rapid oscillation 
vith a slower oscillation may yield a summated standing wave in wliich a rapid 
rise is followed by a gradual fall relatively free of oscillations. The further 
summation of this standing wave rvith the transmitted wave jdelds the femoral 
pulse form indicated. Obviously, such a simplified treatment can hardly be 
expected to yield an accurate facsimile of the pulse form actually recorded in 
the dog, but this synthetic pulse does portray the basic chai'acteristics of the 
shock pulses. 

This form of analysis leads to the hjrpothesis that in shock certain vascular 
beds are constricted so as to give rise to rapid reflections while other beds are 
dilated so as to produce slower reflected waves. More specifically, since the 
reflected component in the femoral pulse arises from beds below the thorax (9) 
and since this reflection has arrived back at the aorta at a time when the foot 
of the pulse wave has just started to enter the femoral bed, it follows that a 
major source of this reflection must reside in ai'terial beds l 3 ang somewhere 
below the diaphragm and above the legs, — ^that is, udthin the abdomen. Among 
the beds within this region rapid reflections are to be expected from the kidnej’' 
and spleen w’hich have aheady been showm to maintain good constrictor tone 
throughout the course of circulatory failure in hemorrhagic shock (16, 13). 
This leaves the intestine as the major abdominal structure whose vascular 
status might be able to account for the low' frequency portion of the reflected 
component in the femoral pulse in shock. 

It has long been recognized that one of the most characteristic findings in 
shock in the dog is a massive congestion of the intestine, particularly of the 
duodenum w'here secondary petechial hemorrhages are often found. Zw'ehach 
et al. (26) have made microscopic obseiwations of one poi-tion of this bed during 
the course of hemorrhagic shock. They report the development of a hypo- 
reactive stage characterized by venous congestion, dilatation of the arterioles, 
and a depression of vasomotion and epinepln-ine sensitivity of the precapillaiy 
elements. As a consequence stagnation and pooling of blood W'as observed in 
the capillary bed. Analysis of the dynamics of the intestinal circulation in 
shock have led to similar conclusions. Wiggers, Opdyke, and Johnson (22) 
found a consistent elevation of portal pressure in shock, suggesting, a com- 
pensator}' constriction of the hepatic bed without an equivalent constriction of 
the mesenteric bed. The implications of this finding w’ere extended hy Selkurt 
and his associates (17) wdio demonstrated that the resistance to blood flow' in 
the mesenteric circuit in shock did not show a compensatory increase to keep 
pace with the elevated hepatic resistance. Moreover they demonstrated that 
in an otherwise normal dog an elevation of portal pressure in itself produces a 
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dilatation of the mesenteric blood vessels. The inference that under such condi- 
tions there would be a pooling of blood in the intestinal blood vessels has been 
supported b/ the recovery of an abnormally high residual blood volume from 
the abdominal region of dogs dying in shock (5). There is good justification, 
therefore, for attributing the low frequencj’- component -in the summated re- 
flected wave of the femoral pulse in shock to a, local failure to maintain com- 
pensatory constrictor tone in the intestine. The reflections from this dilated 
bed when siunmated ndth reflections from other beds in which there is no failure 
to maintain constrictor tone can account for the observed distortion in 'the 
form of the catacrotic limb of the femoral pulse in shock. 

Acknowledgment. This study constitutes one of a large series of investiga- 
tions into the shock problem under the direction of Dr. Carl J. Wiggers. The 
authors are greatly indebted to Doctor Wiggers for his many valuable sugges- 
tions as to the design of the experiments and the analysis of the data. 

SUMMARY 

1. By optically recording arterial pressure pulses in dogs during a stepnnse 
hemorrhage, a period of maintained hypotension, and then during the period 
of circulatozy failure following reinfusion of all ^vithdramI blood, it has been 
possible to compare the pulse tracings during the shock induced bj'' this pro- 
cedure with tracings at equivalent pressures during simple hemorrhagic hjT^o- 
tension. 

2. The lateral pressure pulse in the femoral artery is assumed to represent 
the summation of a transmitted pulse Avith a reflected Avave system, the foim 
of the latter being dependent upon the elastic properties of the arterial tree. 
An initial sharpening of the peak of the femoral pulse and a relatwe augmenta- 
tion of femoral pulse pressure observed early in hemorrhage is related to a 
change in the reflected component due to elasticity changes produced by the 
compensatory Amsoconstriction accompanjdrig the hemorrhage. A secondary 
reduction in elastic tension is eAudenced as further bleeding significantly reduces 
the Amlume of blood in the arteries and leads to their rela-xation. 

3. By “calibrating” each animal for these changes in pulse form Avith a lowering 

of blood pressure, it has been possible quantitatively to assess the comparable 
changes in these details of pulse contour during the course of circulatory shock. 
On the basis of pulse transmission rates and the values for the duration of the 
anacrotic rise of the femoral pulse, it is concluded that there is no generalized 
failure of the compensatorj'' Amsoconstrictor mechanism to a lowered blood 
pressure; rather these Amlues reflect an eAmn greater compensatoiy response 
than during hemorrhage. In contrast, the catacrotic limb of the femoral pulse 
exlribits a marked prolongation in shock AA'ith a reduction in the dicrotic AvaA’^es 
AA'hich does not confoian with the type to be expected Arith a heightened con- 
strictor tone. . 

4. Since this change in pulse contour appears to be due to a change in the 
form of the reflected component rather than to a change in the transmitted 
component, it demands a reflected component AA’hich in simplest terms may be 
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conceived as the summation of a rapid component from constricted beds' witb 
a slow component reflected from dilated beds. It is suggested that a local 
failure of compensatory constrictor tone in the intestinal arterial bed can most 
logically account for this reflected component of low frequency which leads to- 
the distortion of the normal femoral arterial pulse contour. 
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The work of the left ventricle is usually calculated as the suiu of two compo- 
nents, one the work done against pressure and the other the work done in impart- 
ing velocity to the aortic stream. The work against pressure is PQ, where P is 
the pressure increase imparted to the blood by the heart, expressed in grams per 
square centimeter, and Q is the volume of blood ejected. The work done in 

MV- 

accelerating the blood is — where M is the mass of the blood, V its velocity in 

■"S 

centimeter/second, and g the gravity constant. 

The use of this formula has necessarih’- been subject to simplifying assumptions. 
It was recognized b3'- Erank (1) that the terms P, Q and V should be integrated 
over the time of sj'^stole. This is possible for P, which can be determined from 
the central pressure pulse ; while Q and V — ^with some reservation — can be taken 
from the cardiometer curve. This approach was applied by Straub (2) for PQ, 
and b}'- Katz (3) for both terms. 

It is not expedient to carrj’- out a laborious integration, and in many experi- 
ments, where the chest is closed and cardiometer tracings cannot be taken, such 
a construction is impossible. Eor this reason the calculation is usually made on 
the basis of simplifying assumptions. Eor instance, it is often held that the work 
done in imparting velocity to the issuing stream is but a negligible part of the 
total work, and can be neglected. That such an assumption is hazardous might 
be adduced from the large values for velocity work obtained bj'' both Evans (4) 
and Katz (3) when the stroke volume became even moderatefy large. Both 
workers, however, measured velocities through rigid glass cannulae whose size 
was not related to that of the aorta during systole. The cross-sectional area of 
the aorta changes during a pulse beat, a factor Avhich must influence strongly the 
ejection velocity. 

Simplifying assumptions have also been made in calculating the work done 
against pressure. Some have assumed that it is adequate to calculate this quan- 
tity bj^ multipfying the mean arterial pressure bj’' the stroke volume. Others 
make the quantitation somewhat more accurate b)’' multipljong the mean pres- 
sure during sj^stole bj’' the stroke volume. 

We have recentfy published a method (5) by which, in the dog, the course of 
ventricular ejection can be derived from the pressure pulse contour. The method 
can be applied in the absence of major surgical procedures with the animal 
essentiallj’’ normal. this method pressure, flow and aortic blood velocitj' can 
be determined at 10 msec, intervals. Summation of the calculated vork figures 

* This work was supported b}' a grant from the Life Insurance Medical Research Fund. 
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for these inten'als gives results not appreciably different from the results of 
graphic integration. 

It is our purpose to evaluate the errors resulting from the use of the simpler 
methods of calculating the work of the ventricle by comparing such results with 
those got by summation. 

1. The method of calcidaling the work of the left ventricle. In order to calculate 
the velocity obtaining from instant to instant in the aorta, the relation between 
pressure and cross sectional area of the ascending aorta must be known. Such 
a relation is plotted in figure 1 from measurements previously made (5, 6). A 




Fig. 1 Fig. 2 

Fig. 1. Plot of the distensibility of the ascending aorta and of the pulmonary artery. 
Fig. 2. The analysis of cardiac work: A, systolic portion of aortic pressure pulse; B, 
ejection curve derived from A; C, aortic velocity during systole; D, work done in accelerat- 
ing blood during systole; E, work done against pressure during systole; and F, relation be- 
tween kinetic and total work. 


representative normal pressure pulse was then selected and plotted (fig. 2A). 
From this was derived an ejection curve (fig. 2B) as described elsewhere (5). 
The velocity curve was then plotted (fig. 2C) at 10 msec, intervals from values 
obtained by dividing the flow in cubic centimeter/second, by the cross-sectional 
area of the ascending aorta at the pressure obtaining. From these velocit}^ 
figures a curve representing the distribution of the Idnetjc work during sj^stole 

MV2 

was derived (fig. 2D), by the foimula -- — , 

2g 

The next step was to evaluate the work done against pi'essure bj’’ multipl 3 dng 
the volume of blood ejected during each successive 10 msec, interval bj' the 
existing pressure. The figures are plotted in figure 2E. The percentage of total 
work represented by kinetic work is plotted in figure 2F. It varies from 0 to 2.7 
per cent, with a mean at 1.2 per cent. 

2. The relation of kinetic to total work. The kinetic fraction varies roughly with 
the stroke volume and inversely with the diastolic pressure. This last is because 
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the gieater the pressure the wder the aorta and the less the velocit}’^ attained 
during a gi\en ejection. To illustrate the influence of these two factors, we have 
selected from a lai ge series of dog pulses, those in which the stroke volumes were 
relativel}' large, and in which the velocities might also be expected to be large. 
The first five of these (table 1) are from dogs under morphine sedation, with slow 
heart rates and large pulse pressures; pulses 6 and 7 are from the response of an 
animal to an intravenous injection of isopropyl epinephrine*, an active vasodila- 
tor and cardiac stimulant (7). Pulses 8, 9, 10 and 11 were taken immediately 

TABLE 1 


The determination of left ventricle loork for a series of dog arterial pulses 


PULSE 

Pd 

Ps 

Pms 

Pms-Pd 

Pp 

Pmc 

Pm.s 

Pmc 

sv 

Work, gm; H. 

i/i 

Kinetic work/total 
work 

Sum- 

mated 

Pms 

xsv 

Maxi- 

mum 

Mean 

a 

b 

c 

d 

c 

f 

g 

h 


■ 

k 

1 

m 

1 

112 

m 

138 

0.87 

126 

1.10 

10.8 

19.9 

20.2 

0.99 

0.014 

0.009 

2 

100 


143 

0.86 

127 

1.13 

18.6 

35.7 

36.0, 

0.99 

0.023 

0.012 

3 

90 

150 

138 

0.80 


1.17 

25.2 

49.0 

47.1 

1.04 

0.027 

0.012 

4 

70 

120 

107 

0.75 

III 

1.08 

16.4 

23.8 

23.7 

1.00 

0.030 

O.OIS 

5 

63 

105 

93 

0.72 

77 

1.21 

17.9 

23.6 

22.5 

1.05 

0.050 

0.035 

6 

84 

160 

137 

0.70 

112 

1.22 

24.8 

50.4 

45.9 

1.10 

0.105 

0.065 

7 , 

52 

105 

92. 

0.76 

72 

1.28 

37.0 


32.7 

1.12 

0.084 

0.037 

8 

70 

144 

132 

0.84 


1.12 

37.0 

67.2 

66.0 

1.02 

0.062 

0.034 

9 

100 

190 

171 

0.79 


1.29 

21.2 

47.8 

48.9 

0.98 

0.034 

0.020 

10 

35 

78 

74 

0.91 

57 


23.0, 

19.5 

19.3 

1.01 

0.060 

0.029 

11 

34 

88 

72 

0.70 

56 

1.28 

24.6 


23.9 

1.09 

0.095 

0.065 

12 

28 

70 

47 

0.45 

33 

1.42 

18.9 

12.9 


HIM 

0.105 

0.056 

13 

20 

58 

39 

0.50 

27 

1.44 

14 .-2 

9.0 

7.5 1 


0.092 

0.05S 

14 

16 

50 

31 

0.44 

22 

1.41 

11.9 

6.5 


IH 

O.OSO 

0.057 


b-Diastolic pressure, mm. Hg. 
c-Sj^stolic pressure, mm. Hg. 
d-Mean sj’’stolic pressure, mm. Hg. 

e-Mean systolic pressure — diastolic pressure/pulse pressure. 
f-Mean pressure over cycle, mm. Hg. 
li-Stroke volume, cc. 

after the opening of a shunt connecting the abdominal aorta with the vena cava, 
when the peripheral resistance was suddenly reduced to a veiy low value. Pulse 
9, with its higher pressure values, represents the first beat following opening of 
the shunt in an animal whose blood pressure had been increased by an intrave- 
nous injection of epinephrine. Pulses 12, 13 and 14 are successive pulses taken 
immediately after transection of the abdominal aorta. 

In some cases, the velocit}’’ work reaches a momentaiy maximum of 10.5 per 
cent of the total work being done simultaneously (col. 1). Since this rate of 
kinetic work is not maintained, the total kinetic work represents a smaller frac- 
tion of the total over the whole of a cj^cle. In the 9 pulses selected specificallj 

- Kindlj' supplied by Frederick Stearns and Cornpan5'. 
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to represent very large stroke volumes and low pressure values, the mean kinetic 
work ranges from 2 to 6.5 per cent of the total. In the five iiormal pulses, with 
their more phj^siological.pressui’e values, this value varies from 0.9 to 3.5 per cent. 

Hence it can safely be concluded that the work done in accelerating the blood 
is negligible as compared to the work done against pressure. From this it follows 
that the height of the ventricular pressure curve can be but little greater than that 
of the systolic portion of the aortic pressure curve. Gregg ct al. (8) were therefore 
justified in taking' Hamilton et al. (9) to task for interpreting an apparent large 
excess in ventricular pressure as measuring velocity potentials in the aorta. 

It has been stated recently by Ralston and Taylor (10) that since the flow 
through the aorta is streamline, calculations of the kinetic work of the heart 
should take cognizance of a parabolic velocity distribution across the diameter of 
the aorta. These authors then rederived the formula commonly ascribed (11) 
to Hagenbach, published in 1860, which states that the energy requirement for 
the establishment of a parabolic distribution of velocity is twice that required to 
accelerate flow to a uniform velocity. Hence, Ralston and Taylor conclude that 

MV- MV^ 

the kinetic work of the heart should be derived from rather than the — 

g 2g 

of the Berroulli Theorem. 

This revision of the classical formulation would be permissible if streamline 
flow — evidence for which seems to be acceptable — should establish the fact that 
at the throat of a channel the velocities have already assumed a parabolic distri- 
bution. No evidence for an instantaneous- establishment of a truly parabolic 
velocity pattern is adduced, and in fact there seems to be general agreement (11) 
among students of hydrodynamics that a parabolic velocity distribution is at- 
tained only after fluid has passed a long way down the tube (transitional floiv). 
At the issuing throat, the influence of boundaiy retardation upon the mean 
velocity is insignificantly small so that the most of the issuing stream occupies a 
main central core which advances at nearly the ai^erage velocit}". Corroboration 
of this view can be had by studying the movement of contrast medium out the 
aorta of the fetal goat ((12), plate IV). The aorta is outlined to its whole width 
as soon as it is outlined at all. There is no central core of high velocity. On this 
basis there seems to be no justification for revising the classical formulation. 

3. TFor^- done by the ventricle against pressures. The calculation of the work 
done in ejecting blood against arterial pressure, as determined by summation of 
values at each 10 msec, interval during systole, was given in figure 2E. Values 
were calculated similarly for each of the pulses given in table 1 (column i). The 
products of the mean pressure during systole (column d) and the stroke volume 
(column /i), are also given (column j). 

The use of average pressures usually gives smaller values than the use of sum- 
mated figures for two reasons. The first relates to the fact that when ejection 
is most rapid, pressure is often relatively high. Unfortunately, the simpler 
calculations from mean systolic pressures and flows bear no constant relation to 
the more accurate result of summation at small intervals. (Without laboriously 
constructing an ejection curve it is not possible to evaluate this error.) On the 
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Other hand, in all pulses save the last two, taken from an animal bleeding freely 
through a cut aorta, the difference is within 12 per cent (column k). It has been 
oui practice, therefore, to compute venti’icle work from average pressure values, 
neglecting the error that may be implicit' in this procedure. 

The second source of error relates to the fact that the systolic contour is vari- 
able and there is no simple way of evaluating mean systolic pressure. In some 
cases the pressure rises nearly vertically at the beginning of sj^stole and the mean 
systolic pressure Is only a little below peak level. In other cases it rises so gradu- 
ally that the mean pressure is about half way between systolic and diastolic. For 
this reason the mean systolic pressui’e can only be measured from an accurate 
central pressure contour. The figures in columns d and e give the increment of 
pressure from diastolic to mean pressure in relation. to the total pulse pressure. 
When the systolic contour is nearly square the figure is high (0.9), when it is 
triangular it is low (0.5), and in some cases when there is a narrow systolic peak 
the fraction is actuallj’- less than this. 

4. The work of the right heart. The work of the right heart differs from that of 
the left heart in that it is against the much lower pressure of the pulmonary ar- 
tery. It is often assumed, with Evans (4), that the pulmonarj'- pressure is f 
of the systemic pressure and the the pressure work of the two ventricles can be 
calculated by PQ, where P is mean systemic pressure during systole and Q is 
volume ejected during systole. 

The relation between sj'^stemic and pulmonary pressures is not constant (13). 
Agents which reduce the systemic peripheral resistance lower the systemic ar- 
terial pressure, while by increasing the blood flow they maj’" actually raise the 
pulmonary pressure. Inspiration, moreover, increases pulmonary flow and pres- 
sure while it may even decrease the systemic flow. A strict calculation of the 
total cardiac work would therefore entail a measurement of pulmonaiy pressure 
and flow. 

It is also said that the velocities attained in the pulmonary artery and aorta 
are the same. This is based on the fact that the post mortem diameters of the 
two vessels are similar. The distensibilities of the two vessels are verj’’ different, 
however, and if the pressures in either depart much from resting normal values 
their diameters will diverge and the velocities in aorta and pulmonary arter}'^ 
will be different (see fig. 1). It should be emphasized, therefore, that the use 
of -g- to correct left ventilcle work to cardiac work is onlj'^ a rough approximation. 

5. Relatioji of cardiac work to the work done at the 'periphery. The peripheral 
resistance represents a force against which the energ}"^ of the blood at the periph- 
ery works. E.xcept for minimal potential pressure energy remaining in the 
venous blood which returns to the heart, all of the pressure energy of the blood 
in the peripheral arteries is dissipated in friction. The work done in the periph- 
ery bj'’ the force of the blood is the product of pressure and flow in appropriate 
units. The figure is 3 to 5 per cent higher if the calculation is made as the sum- 
mation of the products of pressure and flow at short (10 msec.) intervals than it 
is if mean pressures and flows are used in the calculation. The difference in- 
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creases vath increase in pulse pressure. The above calculation is based on the 
assumption that pressure and peripheral flow are proportional. The discrepancy 
would be greater if we were to accept the evidence of Green ct al. (14) that flow 
is proportional to a power of pressure. 

The work done at the periphery is decidedly less than that done by the heart. 
In calculating the work done b3'’ the heart it is necessary to multipl}'’ the pressures 
during s3’'stole by the volume ejected against these pressures. In calculating the 
peripheral work the same total volume is multiplied by the pressures obtaining 
over the Avhole C3’’cle. If mean flows and pressures are used, the calculated work 
done by the heart exceeds that done at the periphery in proportion as mean 
systolic pressure exceeds mean cycle pressure (column g). If the calculation is 
made b3'’ summation at small intervals, the discrepancy is somewhat, though not 
greatly, increased. 

From the viewpoint of efficient function as a high pressure reservoir, the fact 
that the arterial bed is composed of long tubes, which are filled only after the 
lapse of a transmission time, represents a serious disadvantage. During earl3’’ 
systole, blood accumulates in the upper aorta, increasing the pressure against 
which the heart works. Later in the cycle this blood distributes itself throughout 
the aorta b3’’ surging up and down in.a series of highly damped oscillations which 
produce the standing waves (15) . The puzzling thing is that mean pressure over 
the whole C3^cle is the same at both ends of the aorta (15), 3’’et the heart does 10 
to 40 per cent more work than is done at the periphery. 

What becomes of the energy that is measured b3’- the difference between cardiac 
and peripheral work? It is not lost by friction due to the net forward movement 
of the blood in the great arteries toward the periphery. If it were, the jieripheral 
mean pressure would be less than that at the root of the aorta, which is not the 
case. It is suggested, therefore, that it is due to the same forces which cause the 
damping of the standing wave. The excess ventricular work results in an un- 
balance of pressure in the two ends of the aorta which is equalized as soon as the 
standing waves die out. During this time from 10 to 40 per cent of the energy 
of ejection has been dissipated. The manner in which this energy has been de- 
graded can only be speculated about. Viscous resistance to stretch on the part 
of the arterial walls and surrounding tissues, incomplete reflection of the pulse 
wave at the terminal arteries, and viscosity of the blood, as well as other factors, 
are to be considered. That there should be such a large energy waste in trans- 
ferring blood from the heart to the peripher3’- is, to us, a rather startling concept. 

SuMALVRY. The following were computed from central pressure pulses t3’-pical 
, of a wide variet3’- of conditions, and from arterial distensibility measurements: 

a. The curve of cardiac ejection. 

b. The change in aortic cross-section during S3’’stole. 

c. The velocity curve during systole (a/b). 


d. The curve of kinetic work during S3'^stoIe (using c in ' 


22 ; 


e. The variations in pressure work during s3’'stole (a times pressure in aorta). 
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CONCLUSIONS 

The kinetic Avork is of the order of 2 per cent of the total work except Avhen 
the stroke volume is abnormal^ large and the diastolic pressure is abnormally 
low. 

The pressure work is underestimated by 0 to 12 per cent by multiplying the 
total ejection by the mean pressure during systole. 

The work done b}’' the heart in raising the pressure of the blood is 10 to 40 
per cent more than that done at the periphery in forcing blood thfough the 
peripheral resistance. Energy in this amount is lost as the aortic standing wave 
is damped out. 
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Recently two indirect methods for measuring blood flow through the liver have 
been proposed (1, 3,4). The “urea method” of Crandall depends upon the fact 
that this substance is manufactured solely in the liver and that it is not fuz’ther 
metabolized but completely excreted in the urine. Therefore, the amount of 
urea excreted divided by the arterio-venous difference across the liver X 100 is 
equal to the blood flow through that organ. The bromsulphalein (BSP) method 
of Bradley, Ingleflnger and associates depends upon the supposition that this 
substance is excreted solely via the liver and that none of the injected BSP is 
abstracted from the blood by organs outside of the portal circulation. 

Before applying this latter method, to obtain liver blood flow in dogs, we set 
out to test the assumption of exclusive hepatic disposal of BSP by following the 
disappearance of this d3'’e in the presence and absence of the liver and portal 
organs. 

Methods. Three types of experiments were executed. 

1. Attempts were made to recover quantitative!}’’ BSP in the bile during the 
course' of constant intraz'enous injections of the dye-. Prior to starting the con- 
stant infusion, a priming dose of BSP was given. The cystic duct was ligated 
and the common bile duct cannulated just before the experiment. 

2. The disappearance from the blood of a single injection of BSP was followed 
in intact dogs, eviscerated-hepatectomized dogs, and in eviscerated-hepatec- 
tomized-nephrectomized dogs. BSP disappearance was studied in the same ani- 
mals before and after evisceration. 

3. Serial BSP levels were determined in intact dogs and subsequently eviscer- 
ated-hepatectomized dogs during a constant intravenous infusion of the dye. 
In the intact state, a priming dose was given to the animal before starting the 
constant injection; no priming dose was given to the eviscerated preparation. 

BSP determinations were performed as outlined by Bradley (1) on the Evelyn 
Photocolorimeter. Evisceration-hepatectomy was performed by the one-stage 
procedure of Markowitz et al. (5). 

Results. A. Recovery of hromsidphalein in the bile in dogs receiving a con- 
stant intravenous injection of the dye. The data in table 1 show that only 
between 23 and 79 per cent of a constant intravenous infusion of the dye could be 

‘ These departments arc in part supported by the Alichael Reese Research Foundation. 

- 'h’e are indebted to Hjmson, Wcstcott and Dunning for the BSP used in these experi- 
ments. " 
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recovered in the bile during the injection period. In any particular time period 
there was no simple relationship between the amount of BSP injected and the 
amount excreted in the bile. Increasing the rate of injection by 65 to 100 per 
cent led only to an increase of from 15 to 30 per cent in biliary excretion. The 
variations in plasma level either were negligible or so small that they could not 
account for the BSP which was not excreted. 

B. Removal of broinsulphalein from the hlood after a single intravenous in- 
jection in intact and eviscerated-hepatectomized animals. Intact animals re- 
moved BSP from blood rapidly during the first five minutes after a single 
intravenous injection. After this initial period the blood was cleared of the 

TABLE 1 


Biliary excretion of a constant intravenous injection of BSP in dogs with cannulated bile ducts 


DOG 

WEIGHT 

PRIinNG DOSE 
OF BSP* 

TniE 

INTERVALS 

BSP 

INJECTED 

BSP 

IN BILE 

PER CENT BSP 
EXCREIED IN BILE 

SERUM 

BSP 


kilo 

mpn. 

minules 

wgm. 

ingnt. 


mjm. % 

A 

8.0 

25 

0-30 

23.5 

15.4 

65 

0.85 




30-60 

23.4 

14.6 

61 

0.95 




60-90 

23.4 

13.1 

56 

1.05 




90-110 

15.6 

12.3 

79 

1.05 

B 

14.0 

37 

0-30 

34.2 

17.4 

51 

1.3 




30-60 

34.2 

19.5 

57 

1.75 




60-90 

52.8 

23.8 

45 

2.45 

C 

20.0 

50 

0-30 

32.1 

13.8 

43 

0.7 




30-60 

32.1 

11.7 

36 

•0.8 




60-90 

64.2 

14.7 

23 

0.S4 


51.6 ± 16.6 







1 




* The constant intravenous injection was started immediately after the priming dose and 
the collection of bile began 30 minutes thereafter. 


dye at a slo^ver but fairly constant rate. Following evisceration and hepatec- 
tomj’^, whether extremely high or low blood levels were obtained initially, 50 
per cent of the d}^ disappeared from the blood within 50 minutes after mixing 
had occurred (fig. 1). After the first 10 minutes the eviscerate preparation 
removed the dj'e at a more rapid I'ate than did the intact animal. The dj'’e 
was not lost in the urine since it was cleared from plasma in evisceiated- 
hepatectomized-nephrectomized animals at a rate similar to the evisceiated- 
hepatectomized preparations. 

C. Effect of constant intravenous injections of BSP upon serum levels^ of dogs 
before and after evisceration and hepalcctomy . Folloulng eidsceration anc 
hepatectomj’’, 0.7 mgm. /minute of the dye was injected and aftei an 
increase, the serum BSP level became stabilized despite the continuou.s in on 
of the dye (table 2). During this stabilization period, therefore, the pcj-ipheral 
tissues took up or destroj'ed an amount of djm equal to the amount injecte . 
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treatment 50 to 70 or even a higher percentage was furnished by fat. In some 
experiments the prethyroid proportion was completely reversed and calories 
derived from starch reached 80 per cent in the course of thyroxine administration, 
while before and after treatment SO per cent was furnished by lard. 

Discussion. The thyrotoxic state produced by prolonged administration of 
thyroxine increased food intake considerably. The fact that this increase might 
follow the rise in the rate of metabolism after a lag of some days and persisted 
5 to 7 days after the sharp decline of Oj-consumption suggests that increased 
focd intake was not directly related to the injection of thyroxine or the resultant 
rise in the rate of metabolism. Presumably there must be some mechanism 



Fig. 4. The effect of thyroxine administration on the proportion of calories derived from 
different foods. 

regulating food intake which is set in motion by the drug directly or as the in- 
direct result of the increase in metabolism. 

Experimental evidence presented shows clearly that a very great change in 
selection was associated with the increase in food intake. During the first da 3 ^s 
of increased food consumption the qualitative change was less prominent, but 
later tlie preference for starchy food became so marked that at the height of the 
thyroxine effect the additional calories ingested were furnished in many cases 
almost entirely by carbohydrates. In some cases the consumption of fat fell 
even below the initial level. 

The selective rise in carbohydrate intake is the more remarkable as before 
and after thj roxine treatment a marked preference for the fatty food was evi- 
dent. It vould seem natural that the necessaiy additional calories should be 
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furnished bj’- the food of highest caloric value — at least in an animal having in 
normal conditions a marked preference for fat. 

The fact that prolonged administration of thyroxine is associated with essen- 
tially similar — though much more pronounced — changes in food selection as ob- 
served in animals exposed to low temperatures (11°C.), may be considered as 
valuable circumstantial evidence in support of the suggestion advanced in an 
earher communication (Donhoffer and Vonotzky, in press) that the selective 
rise in carbohydrate consumption at low temperature may be due to changes 
in thyroid function. 

Considering the remarkable rise in consumption of carbohydrate-rich food 
under the conditions described, it seems probable that the composition of food 
and thyroxine tolerance may be connected. This supposition was suggested by 
the results of Abderhalden and Wertheimer (1926) and Schlossman (1929) but also 
by analogy by the observations of Richter and co-workers (1936, 1938) , according 
to wliich sodium chloride intake of adrenalectomized and calcium intake of para- 
thjToidectomized rats increases considerably. The thesis that an increased in- 
gestion of carbohydrate protects the animal against the damaging effect of long 
continued thyroxine administration is not supported by the few .experiments . 
we have performed to test this hj’-pothesis. Briefly the experiments were as follows. 
Four groups of 10 mice were fed exclusively diets 1, 2, and 3, or the standard 
diet, and given thyroxine until death occurred. All showed the same rise in basal 
metabolism and no significant difference in death rate was evident. Therefore 
no therapeutic inferences can be drawn from these experiments on the value of 
dietetic measures in hyperthyroidism. 

StnvlMARY 

Prolonged administration of thyroxine considerably increased the food intake 
of white mice. The increase in food intake followed the rise of Oz-consumption 
after a lag of some da 3 ^s and persisted for a similar period after the fall- in the 
rate of metabolism. 

The additional calories ingested during the effect of thjuoxine were furnished, 
free selection provided, mainl}’’, in manj'- cases entirely, bj’’ consumption of starchy 
food. At the height of the thjwoxine effect this often provided 80 pei cent of 
the calories, while in untreated animals 70 to 80 per cent wei’e furnished bj' the 
selection of a fat rich food. 
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The natural advantages of the rat as an experimental animal have made it 
worth while to establish reliable methods for the estimation of renal function 
in this species. In 1942, two of the present authors presented a method using 
inulin and diodrast which gave reproducible results and was of value in com- 
parative experiments, although admittedly cumbersome (1). Dicker and Heller, 
in 1945, criticised the absolute value of the method since ether had been used 
and renal function probably considerably depressed (2), They presented a 
modified procedure which was, however, still too cumbersome to be of value for 
large groups of animals. In both these methods, the empt 3 dng of the bladder 
at the start of the procedure and again ten to thirty minutes later entailed a dou- 
ble hazard, since incomplete drainage at the start or at the end of the clearance 
period would give, abnormally high or low clearance values respective^. Fur- 
ther, no attempt had been made to determine whether plasma concentrations 
of the test substances measured at the end of the clearance period were valid 
for the whole of that period. 

More recently, Meyer Friedman has estimated the clearance of sodium p- 
aminohippurate (PAH) in the rat (3), but his methods are open to certain crit- 
icisms. It seemed to us that a useful clearance procedure should be established 
on a firm basis with some absolute validity and adapted for large series of ani- 
mals. P-aminohippurate, whose advantages are well known (4), was used 
throughout instead of diodrast. 

Experimental. The relation of dose to plasma level. Preliminaiy to arrang- 
ing a satisfactory clearance procedure, the response of the plasma level to ad" 
ministration of the test substance (inulin or PAH) was investigated. Tliis 
was considered necessary if the test substance were to be given as a single dose 
without sustaining infusions and if a single blood sample were to serr'^e as a guide 
to the plasma level during the test period. 

a. The PAH plasma level after injection. It was hoped that a quantitative pic- 
ture of the plasma level could be obtained by following a single subcutaneous 
administration of PAH. Since clearance is expressed in terms of plasma, -while 
such curves could only be studied using small samples of whole blood from the 
tail, preliminary experiments were perfoimed to determine whether the v o e 
blood anatysis could yield the plasma concentration bj’^ calculation. The met .o 
of Bratton and Marshall for the analysis of PAH was used (5). Male albino 
rats were injected subcutaneouslj’- with small quantities of PAH and samp es of 

1 This -n-ork -was supported by a grant from the Life Insurance iMedical Research Fund- 

= This work was done during the tenure of a Life In surance Medical Researc i ' e ows up. 
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blood taken by heart puncture. The hematocrit was determined and a sample 
of blood analysed directly. The remaining blood was then centrifuged and the 
supernatant plasma analysed. The precipitated red cells were washed ^^dth 
isotonic saline until the washings were free of PAH. The cells were then laked 
and analysed for their PAH content. Table 1 shows that the plasma level of 
PAH can be calculated accurately from the whole blood analysis if the hematocrit 
value is knovm. 

PAH as the aqueous solution of the sodium salt was then injected into normal 
rats. The desired doses, 30 to 100 mgm., were prepared by diluting the clinical 
20 per cent solution in 2 per cent sodium sulfate so that the required amount was 
contained in 4 cc. This quantity was injected subcutaneously and successive 
small samples of tail blood were analysed, 0.1 cc. of blood being used for the 
determination. Hematocrit values were determined at varying times in each 
experiment. As a final precaution, the PAH content of the final tail blood sam- 


TABLE 1 


BLOOD PAH .A 

HEMATOCRIT B 

1 

1 

PLASMA PAH 

CELL PAH 

Analysed C 

Calculated 

A X il004-(100-B)] 

1 

Analysed 

Calculated 

. rc-xioo-sq 

^'L 100 J 

mjm. % 

% 

mgm. % 

mgm. % 

mgm. % 

mgm. % 

2.0 

46 

3.2 

3.1 

0.2 

0.3 

1.5 

45 

2.3 

2.3 

0.2 

0.3 

2.0 

46 

3.2 

3.1 

0.2 

0.3 

2.4 

48 

3.7 

3.6 

0.2 

0.3 


pie was compared with that of heart blood obtained at the same time. Curves 
of this type and in this range were constructed for 14 adult male rats. 

As shomi in figure 1, the 40 mgm. dose yields a steady plasma level. In this 
case, the value at 52 minutes ^vas 5.2 mgm. per cent, while the calculated average 
for that period was 5.3 mgm. per cent. Doses above 40 mgm. cause the plasma 
level to rise to a maximum witliin approximately 30 minutes and then to fall. 
With smaller doses the peak level is reached more rapidly. Apparentl 3 ’-, with 
doses above 40 mgm. the hippurate enters the blood faster than it can be cleared 
bj’’ the kidnej’^s. Thus, where the dose of PAH administered is of a size to pro- 
duce a pronounced maximum in the cuive, the end point plasma value may not 
represent the mean. Although the plasma concentration falls less rapidly after 
60 minutes, clearance determinations based on end point values obtained even 
beyond tliis time still deal with a rapidlj’- falling curv’^e. On the other hand, 
repeated curves obtained from animals given a 40 to 50 mgm. dose showed that 
a plasma sample taken 50 minutes after injection was representative of condi- 
tions existing over the entire period. 

These data indicate that the renal saturation level for PAH lies in the neigh- 
bourhood of 6 mgm. per cent. No variation in hematocrit was noted despite 
the repeated small bleedings and there was close agreement between the last tail 
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blood analysis and the analysis of the simultaneous heart blood sample. The 
curve shown in figure 2 indicates that even with low doses, end point plasma val- 
ues may be misleading. In this animal, the plasma level rose slowly to 6.3 
mgm. per cent, then fell rapidly to 3.6 mgm. per cent at 54 minutes, a value not 
truly representative of the mean. Numerous experiments have shown that when 
the 50 minute plasma value lies below 4.5 mgm. per cent, the curve may be of 
this type. 



Bose e f PM [mgm .) 

Fig. 3. The relation of plasma concentration 50 minutes after subcutaneous administra- 
tion of various doses of PAH. 

Two conclusions with regard to clearance procedures for PAH using the 
single dose technique follow from this analysis. 1. If the clearance period begins 
immediately after injection and lasts 50 minutes, a steady plasma level can be 
maintained by a suitable dose. 2. If the clearance period starts 30 or 60 minutes 
after injection, requiring a larger initial dose of PAH, a variably falling plasma 
level during the clearance period results. 

To ascertain the dose of PAH necessary to yield correct plasma levels 50 min- 
utes after injection in different size animals, a large series of determinations was 
carried out. The data are summarised in figure 3. The plasma concentration 
50 minutes after injection is almost linearly proportional to the dose adminis- 
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tered. The dose is not sharply critical, a difference of 10 mgm. producing a 
change in plasma level of approximately 2 mgm. per cent. ' In this composite 
curve a slight break occurs in the 40-50 mgm. dose range, corresponding to 
5-7 mgm. per cent in the plasma. This break, not very apparent in the over all 
grouping of animals weighing 100 to 200 grams, was very obvious with a more 
restricted weight grouping. Thus, for animals weighing 120 to 140 grams, and 
140 to 160, the curve breaks sharply- between 5 and 7 mgm. per cent, a further 
indication that this is the level of renal saturation. 

b. The inulin plasma level after injection. As in the case of PAH it was of 
importance to investigate the variation of the plasma concentration with time 
after the administration of inulin. This problem was not studied previously 
because of the lack of suitable chemical, procedures. With the publication by 
Harrison (6) of a method which could measure as little as 2y of inulin it became 
feasible to investigate this problem provided that 1, the plasma value could be 


TABLE 2 


blood inulin 

PLASMA 

INULIN 

Calculated 

Analysed 

msm. % 

mgm. % 

mgm. % 

6.5 

13.0 

14.0 

10.0 

20.0 

20.8 

8.0 

16.0 

15.6 

13.5 

27.0 

26.5 

* 


.. 


obtained from the whole blood value by calculation, and that 2, in view of the 
small size of the sample, the necessity for yeast treatment to remove fermentable 
sugars could be avoided. 

It was expected that no inulin would enter the red cell. Thus, assuming a 
hematocrit of 50 per cent (normal for the rat) the plasma concentration should 
be twice that of the blood. A series of animals was studied to satisfy this assump- 
tion. Inulin was injected, a blood sample taken, and the inulin content of both 
blood and plasma determined. Table 2 presents typical data, and shows that 
the whole blood concentration obtained by analysis is directly convertible to 
the plasma value providing the hematocrit remains unchanged. 

In the analj’^sis of whole blood it was found that the inulin content could be 
estimated withoht ^mast treatment by subtracting a blank blood value obtained 
from the same animal before the administration of inulin. Indeed, a calibration 
curve for inulin in blood differed from the aqueous curve only bj'' the blank value 
of the particular blood used to establish the curve (fig. 4). Investigation of a 
series of nonnal animals showed that this blank v^lue was fairly unifoim. 

A 2 per cent solution of inulin in saline was then prepared, adsorbed on chai- 
coal while hot, and filtered hot through a Seitz EK disc. Three cubic centi- 
meters (60 mgm.) of this inulin solution were injected intraperitoneally to insure 
uniform and rapid absorption into the blood stream. In our experience inu in 
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solutions are poorly alDSorbed from the subcutaneous tissues. The typical plas- 
ma concentration curves for a series of animals are shown in figure 5. 

From a study of such curves it appeared that the intraperitoneal injection 
of this amount of inulin yielded a plasma concentration which increased smoothly 
for at least 50 minutes. The mean value of the inulin concentration in plasma 
for that period corresponded closely to two-thirds of the value obtained by analy- 
sis of a sample taken at 50 minutes. 



Fig. 4. The colorimetric reading of inulin in blood is the sum of its inulin content plus 
the blank value for whole blood. 

The clearance of inulin and PAH. It became increasing!}’- clear that for the 
determination of both inulin and PAH clearances, an experimental period ex- 
tending for 50 minutes from the time of injection was an emineritl}^ suitable 
arrangement. Not only are the plasma concentrations reasonably steady, but 
in addition, the necessity of draining the bladder at the start of the period is 
eliminated. This diminishes the hazard of incomplete urine collection. Based 
on this, a series of clearance determinations were carried out in normal male 
rats. Although the clearance of inulin and PAH were determined simultaneouslv, 
.for convenience in discussion they will be separately presented. 

a. The dearance of inulin. The clearance of inulin, Ci^, was investigated 
in GO adult rats. The average values obtained were plotted* against the plasma 
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concentration, which ranged from 30 to 60 mgm. per cent. The inulin clearance 
was independent of plasma level in the range investigated; the average value for 
CiN when the plasma concentration was 31-40 mgm. per cent was 0.72 cc./lOO 
grams/min., when 41-50 mgm. per cent, 0.75 cc., and when 51-60 mgm. per cent, 
0.70 cc. In these experiments urine flow was not excessive, averaging 0.5 to 
0.7 cc./hour, and inulin clearance was independent of the rate of urine flow. 



minutes 

Fig. 5. The plasma concentration of inulin after intraperitoneal administration of an 
aqueous solution in three animals. ■ ' ' ' 

b. The clearance of PAH. According to the classical work of Smith and his 
co-workers (7, 8) the clearance of a substance which is wholly removed from the 
plasma during one passage through the kidney measures the renal plasma flow. 
The clearance of this substance will be independent of its concentration in the 
plasma providing this does not exceed the capacity of the tubules, lllien tlie 
plasma concentration exceeds the saturation lei^el of the tubules, further excre- 
tion becomes referrable only to filtration, and the clearance is depressed. 

In figure 6 the clearance of PAH, Cpah, is plotted against the 50 minute 
plasma concentration. The data were obtained from the same 60 animals dis-. 
cussed above. It is evident that the clearance is independent of plasma level 
where tliis is not less than 4.5 mgm. per cent nor more than 7 mgm. per cent. 
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Above 7 mgm. per cent the clearance is progressively depressed while, on the 
other hand, abnormally high clearance values are obtained when the concentra- 
tion falls below 4.5 mgm. per cent. Tins latter finding is interpreted as a con- 
firmation of the caution stated previously, that a 50 minute plasma level below 
tubular saturation probably reflects a falling curve during the clearance period. 
Such end point values are lower than the true mean and hence yield falsely high 
clearance values. 



Fig. 6. The clearance of P.AH at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


c. The measurement of tubular mass. The tubular e.xcretion, T, of a test sub- 
stance is the minute urinary output of that substance less the amount excreted 
by filtration. In calculating T, since the water content of plasma, W, is rela- 
tively constant at about 0.9, it is taken as unity. Similarly, for those plasma 
concentrations under discussion a negligible error is introduced by considering 
the freely filterable fraction of PAH, F, to be constant at 0.8 (4). 

Once the tubules are saturated, T becomes a constant, Tm, which reflects 
the amount of functional excretory tubular tissue. As shown in figure 7 the 
saturation level, where T becomes a constant, is again 5 to 7 mgm. per cent. 
Beyond 7 mgm. per cent a secondaiy rise in T is observed. This is e.xpected, 
since no correction was made for the change in F as the plasma concentration 
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incieased. Moreover, above tubular saturation the curve of plasma concentra- 
tion for the period is humped and the 50 minute plasma level used in the calcula- 
tion of T is lower than the actual mean plasma concentration for the period. 

It is important, therefore, in the study of clearance values in normal animals 
that the terminal plasma level of PAH lie within a restricted range, if values 
derived are to have absolute as well as relative meaning. 

Procedure for the simultaneous determination of inulin and PAH clearances in 
large series. In designing a clearance procedure applicable to the study of large 



Pig. 7. Tubular excretion of PAH at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


series of animals the method should be as simple as possible. 1 o effect this the 
inulin and PAH anatyses were modified so that they could be carried out simul- 
taneously as far as possible. The animal and analjdical procedures Avere as fol- 
lows. 

Animal methods. Four cubic centimeters of PAH solution (12.5 mgm./cc. in 2 per cent 
sodium sulfate) are injected subcutaneously in the lumbar region. The 50 mgni. ose 'w 
3 ^ 0 ^ the correct plasma level in almost all animals of 160 to 210 grams. If the ^\elg i is 
120 to 160, a 45 mgm. dose suffices, while for animals of 220 to 260 grams the dose ma 3 c 

raised to 55 mgm. . • i- • r i • 

Immediately following this, 3 cc. of warm inulin solution (2 per cent inulin in sa inej is 

injected intraperitoneally. Although the inulin solution in the earlier expcnnien s «as 
treated to remove p 3 'rogen, we have latterh^ found this unnecessar 3 '. The collection peno 
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is timed from the completion of the second injection. The rat is placed directly into a 
metabolism funnel. Fifty minutes after injection the rat is picked up over the funnel and 
the bladder drained by suprapubic pressure. Micturition is usually quite free and spon- 
taneous, hon-ever. Immediately following urine collection 0.75 cc. of blood is obtained by 
heart puncture, using a 24 or 25 gauge needle. With practice, the blood is taken during the 
51st minute. The animal is then returned to its cage unharmed and the blood centrifuged 
for 15 minutes at high speed. 

The funnel is rinsed thoroughly and urine and funnel washings made up to a total volume 
of 100 cc., 0.2 cc. of which is used for the analytical procedure. If the diluted urine is heav- 
ily contaminated vdth feces it may be cleared by filtration; under ordinary circumstances, 
however, it remains reasonably clear. Attempts to filter the urine directly by devices within 
the funnel are not advisable since there may be the loss of a drop of urine containing a 
high concentration of the test substances. Urine made up as above yields a negligible 
blank value for both PAH and inulin despite feces contamination. 

Chemical methods. 1. Add 0.2 cc. plasma to 6 cc. distilled water, rinsing the pipette 
thoroughly. 

2. Add 2 cc. of 13 per cent trichloracetic acid. Shake and centrifuge at moderate speed 
for 5 minutes. 


PAH 

3a. To 3 cc. of supernatant add 0.3 cc. of 
0.1 per cent sodium nitrite. Shake and al- 
low to stand for 3 minutes. 

4a. Add 0.3 cc. of 0.5 per cent ammonium 
Bulph'amate. Shake and allow to stand for 
3 minutes. 

5a. Add 1.5 cc. of 0.1. per cent N-(naph- 
th}’’]) ethylene diamine dihydrochloride. 
The color develops rapidly. Allow to stand 
10 minutes, then transfer to a micro color- 
imeter tube for reading in a photoelectric 
colorimeter using a 525 m filter. The color- 
meter is set to zero with a colorless reagent 
blank. 


Inulin 

3b. Place 2 cc. of supernatant in a boiling 
tube. 

4b. Add 4 cc. of Harrison’s reagent 

5b. Place the tube in boiling water for 
30 minutes, cool at room temperature for 
30 minutes, transfer to a micro colorimeter 
tube and read in photoelectric colorimeter 
with a 625 n filter. The colorimeter is set to 
zero with a reagent blank. 


Experiments with rat plasma show a negligible blank for PAH and a small relatively con- 
stant blank for inulin where the solutions are free of turbidity. At inulin plasma levels 
above 30 mgm. per cent the blank value may be ignored. 

Urine diluted as stated in the section dealing with animal methods is handled in the 
same way as plasma, 0.2 cc. being further diluted in 6 cc. of water and exposed to the pre- 
cipitating .agent. 

Using this technique, the animals are conveniently handled at the rate of 16 a day by one 
operator and one analyst. 

In calculating the normal clearance values obtained where the terminal PAH 
let el is between 5 and t mgm. per cent it was observed that renal function did 
not increase in direct proportion to body weight, so that expressing results in 
terms of 100 grams yielded lower values for larger animals, as seen in table 3. 
This diffeiencc disappeared if the results were corrected according to kidnej'' 
weight using the formula of Braun Menendez (9). The formula, y (kidney 
t\ eight) — 2.06 x (bodt^ tt eight) -f- 27 /, is in reality only a special case of the 
general power formula y — ax^, where a and b are constants; kidne}^ weight is 
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actually a function of surface area. Meeli’s application of the power formula to 
surface area in the rat, yCcm^) = 11.23 weight was applied to the data and 
table 3 shows the identity of values obtained for the two series of animals when 
the data were recalculated for 100 cm^. 


TABLE 3 


GROUP 

NUMBER OF 
ANIMALS 

'^^'EIGHT 

CiN 

CC./lOO G. 

CpAH 
CC./lOO G. 

TmpAH 
UGU./lOO G. 

CiN 

CC./lOO CM*. 

CpAH 
CC./100 CM* 

TmpAs 
MGM./lOO CM* 



ms. 







1 

8 

142 

0.84 




2.32 

■ 0.10 

1 



± 0.06 

± 0.36 

1 



± 0.17 

± 0.01 

2 

8 

177 

0.69 




2.31 

0.10 








± 0 . 18 - 

± 0.01 


TABLE 4 


NO. 

WT. 

ClK 

CC./lOO CM* 

CpAH 

CC./lOO CM* 

TmpAH 
MGM./lOO CM* 

^Xioo 

CpAH 

CpAH 

TmpAH 

1 


Hi 

2.16 

0.11 

% 

16.7 

19.1 

2 





17.5 

21.2 

3 


0.39 



16.6 

22.4 

4 

■^1 

0.36 

2.59 


13 .8 

25.6 

5 

■SH 

0.40 

2.45 

0.11 

16 . 5 ’ 

22.0 

6 


0.42 

2.33 

0.12 


19.2 

7 

mSSM 

0.42 


HSH 


19.7 

8 

140 

0.41 

2.41 

mSBm 

17.1 

24.1 

9 

175 

0.29 

2.13 


13.6 

22.5 

10 

168 

0.39 

2.32 



22.3 

11 

186 

0.36 

2.23 


16.4 

22.0 

12 

188 

0.35 

2.18 



23.0 

13 

175 

0.27 

2.14 

0.10 

13.1 

21.7 

14 

168 

0.36 

2.32 

0.09 

17.0 

25.2 

A vf^ragf* . 


0.36 

2.31 

0.10 

15 .7 

22.1 

S . D . ..“... 


± 0.04 

± 0.18 

± 0.01 

± 2r3 

± 2.0 


In table 4 normal clearance values obtained from 14 animals selected at random 
from our large series are shown. The results group closely as shown by the lov 
standard deviation in each case. 

Discussion. In the original attempt to applj’’ the inulin and diodrast clear- 
ance methods to the rat the importance of a representative plasma sample nas 
recognized. A clearance period of one hour was used and a mid point blood sam- 
ple obtained. Since one hour had been allowed for eqiiilibriation of the test 
substance before beginning the clearance period it was felt that the slope o a 
of the plasma level during the second hour would be uniform and a mid point 
sample would accurate^ represent the mean. MHiile consistent results nere 
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obtained -with the method it was admittedly laborious. Dicker and Heller 
(2) modified the technique to use a short clearance period of 10 to 30 minutes and 
introduced the device of a terminal blood sample as an estimate of the mean. 
It was not practical to test the validity of this end point determination since the 
diodrast analysis required sizable amounts of plasma and precluded the possi- 
bility of studying a plasma curve. 

More recently Meyer Friedman (3) has studied the clearance of PAH in the 
rat and arrived at certain interesting conclusions. His method is open to consid- 
erable criticism, however, in the Ught of the present findings. For example, 
he studied the clearance of 100 mgm. of PAH in the hour follondng subcutaneous 
injection. This amount gives a markedlj'- humped plasma curve and is well 
above the saturation limit. We cannot but feel that the ensuing end point plasma 
levels, as published, are essentially meaningless. 

Dicker and Heller reported no variation in the inulin clearance vfith urine 
flow in the range studied. The present observations confirm these findings for 
low rates of urine formation (up to 0.75 cc./hr.) . On the other hand, both Fried- 
man (3) and Braun Menendez and Chiodi (10) have shown an increase in the 
inulin clearance with higher flows. Estimates derived from Friedman’s data 
indicate that Cp.^h is actually increased by the excessive 'hydration, and this . 
increase in renal plasma flow would seem the obvious explanation for the in- 
creased glomei-ular filtration rate observed. It does not seem over-cautious 
to assume that urine floAv rates exceeding 1 cc. per hour involve far reaching 
changes in renal hemodynamics which invalidate any attempt to interpret the 
clearance values obtained. 

The clearance data of Braun Menendez and Chiodi are especially interesting. 
Their data are complicated by the presence of hydration since they were in- 
terested in this particular feature, but, in general, using a technique similar to 
that of Dicker and Heller they obtained values for Cin and Tmo of the same 
order as those here presented. Similarly, Cd was comparable to the normal 
value here given for Cpah when urine flow was of similar magnitude and plasma 
diodrast did not exceed 3.5 mgm. per cent iodine. 

In the present series the normal renal plasma flow, Cpah, is higher than that 
previously reported and the CpAn/TmpAH ratio higher than in any other 
species yet studied. It is not unexpected that this should be so when, for exam- 
ple, the normal pulse rate in the rat is approximate!}^ 300 per minute (11) when . 
compared with 70 for man. 

SXUIJURY 

1. Renal function has been investigated in the rat using inulin and sodium 
p-aminohippurate . 

2. The calculation of results is most suitably based on surface area. The 
normal values obtained, expressed per 100 cm^ of body surface are as follows; 
Cix 0.36 db 0.04 cc./min.; Cp.<i.h 2.31 ± 0.18 cc./min.; TmPAH 0.10 ± 0.01 
mgm./min.; F. F. 15.7 per cent ± 2.3; and CpAn/TmPAH 22.1 ± 2.0. 

3. Renal plasma flow per unit of tubular excretory tissue is greater than in 
other animals investigated and may be related to hemodynamic differences. 
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Tn a previous communication (1) a pressor principle was described which was 
found to appear in the blood plasma of cats that had died of several causes or 
that had been subjected to a period of hemorrhagic hj^potension. The pressor 
principle was found in the plasmas of cats in which the kidnej's remained intact 
but not in the plasmas of cats which had previously been nephrectomized. This 
pressor substance appeared to be characterized by its ability to cause a sustained 
elevation of blood pressure (BP) when injected intravenously into cats nephrec- 
tomized 1 to 2 days before, and contrariwise, the elevation in BP was slight and 
not sustained when the same material was injected into nprmal non-nephrec- 
tomized cats. These findings suggest that the kidneys are concerned in the pro- 
duction of this pressor principle and that they may also be the source of its in- 
hibitor or antagonist. 

It was also reported (1) that when kidney extract containing renin was in- 
jected into nepluectomized cats the resulting pressor response often did not 
subside completely, a sustained elevation of BP 10-15 mm. Hg above the base 
level being observed. 

This observation suggested the possibility that the kidney extract might con- 
tain the sustained pressor principle in addition to renin, and that if larger quan- 
tities %vere administered over a longer period of time a substantial quantitji' of 
the pressor principle might be recovered from the cats’ blood. Such a finding 
would offer further support for the renal origin of the principle. 

Methods. The kidnej" extracts were prepared from kidne3’^s removed from 
normal cats under anesthesia. One hundred grams of whole kidneys were 
stirred in a Waring Blender with 300 ml. of 2 per cent sodium chloride solution, 
after which glacial acetic acid was added to a concentration of 2 per cent. The 
insoluble material was removed bj’' centrifugation and discarded. To the super- 
natant fluid ammonium sulfate solution was added to 0.6 saturation. The re- 
sulting precipitate was collected on Buchner funnels, suspended in water, and 
dialyzed 16 hours or until free of ammonium sulfate. The supernatant fluid 
from the material remaining in the sac Avas used as the kidney extract. 

The extracts were injected intravenously into 3 series of anesthetized cats: 
1, unoperated normal animals; 2, those bilaterally nephrectomized approximate!}’’ 
one-half hour before, and 3, those nephrectomized 2 days before. The extracts 
(representing 13-34 grams of original kidney) were given in repeated doses over 
a period of 1 to 2 hours and, after varying amounts of time following the last 
injection, the cats were bled using heparin as the anticoagulant. 
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The plasmas obtained Avere assa,yed for their ability to cause, a sustained 
pressor response. For this test, 2 ml. quantities were injected intravenously 
into pithed cats, the kidneys of Avhich had been removed 2 days before. The 
technic for preparing the animals has been described elseAvhere (1). With one 
exception each plasma was tested on t\A’o or more cat preparations and its activ- 
ity evaluated by measuring the sustained elevation in BP in millimeters of 
mercmy (see legend, fig. 1). 

Eesults. In figure 1 is presented a summary of the pressor assays of the cat 
plasmas. Those from the "2-day nephrectomized" cats, were, in general, quite 



Fig. 1. Graphs showing sustained pressor activity of plasmas recovered from 3 groups 
of anesthetized cats given cat kidney extract intravenously; upper row, ‘‘2-day nephrec- 
.toroized”; middle row, acutely nephrectomized; bottom row, non-nephrectomized.^ * 
number of grams of original cat kidney from which the kidney extract injected was derived. 
t — number of hours elapsed after last kidney extract injection before cat was bled to obtain 
plasma. Each bar represents an individual test in a separate pithed cat. Ordinate scales 
indicate magnitude of sustained pressure elevation. ± 5-10 mm. Hg; + 10-25 mm. Hg; 
-}-+ 25-45 mm. Hg; 45-65 mm. Hg; -{-+++ 65 mm. Hg or greater. 

active and the sustained pressor responses compared in inagnitude with those 
obtained noth the injection of hemorrhagic shock plasmas (1). The plasmas 
from both the non-nephrectomized and the acutely nephrectomized cats usually 
showed distinctly less activity Avith onty minimal or 1-plus sustained pressor 
responses. The plasmas from the acutely nephrectomized animals did not 
exliibit significant^ greater sustained pressor activity than those from the non- . 

nephrectomized cats. _ j • • 

Since large quantities .of renin were present in the kidney extracts adminis- 
tered to the cats, the amounts of renin remaining in the plasmas AA'ere detennmed. 
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The present experiments suggest that the sustained pressor principle may be 
a new and separate entity, phj’^siologicallj’' distinct from renin, but extractable 
from kidney tissue along Aidth renin. 

We iidsh to acknowledge the technical assistance of Robert M. Sanders, 
William R. Cherrj’- and Ora A. Rarvey. 
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Gasping in the isolated ischemic rat head has been used to determine the influ- 
ence of drugs and of other factors on suiTuval of this primitive respiratory mech- 
anism during asphyxia (1-5). The advantages of this simple technique, which 
requires little time and less equipment for the study of various phases of respira- 
tory center activity, are obvious. The purpose of these investigations is to 
examine the neurological basis of the mandibular respiratory movement, to 
which the meaning of the term “gasp” will be restricted, and to analyse the 
effects of oxygen lack and carbon dioxide excess. 

Methods and eesxjlts. Discharge time. Selle has shown that the survival of 
gasping is inversely proportional to age for animals, up to or shghtly past the 
weaning period. A graph of this hinction for the animals in our colony was es- 
tablished (fig. 1) as a base of reference. The method and apparatus used for 
decapitation were similar to those described previously (4). Since there is no sex 
variation vuthin any given age group, both male and female rats, of the Wistar 
strain, were used. They received no special treatment prior to decapitation. 
All measurements are given in terms of “discharge time,” the interval between 
the first and last gasps. This measurement was used rather than survival time, 
measured from the time of decapitation, because it represents a unit of respiratory 
response, which indicates a certain minimum activity of the respiratory center. 
It is comparable in procedures which induce gasping after widely varied times, 
such as decapitation and nitrogen inhalation. 

It has been shown that, in young animals particularl 5 ’', two series of gasps, 
separated by a period of apnea, occur (1,4). The use of substances preventing 
oxidative or anaerobic reactions has sho^vn that the first series of gasps depends 
on aerobic mechanisms, the second on anaerobic ones. 

Figure 1 represents a total of 220 animals evenly -distributed throughout the 
age range. The curve showing discharge time also represents, of course, the end 
of the second series. The initial period of apnea following decapitation averages 
4 seconds (312-5.0) ; the first series of gasps averages 3 seconds (0.5-6.7) and 4.5 
gasps (1-8); and the period of apnea between the two gasp series averages 16 
seconds (13.5-20.0). All these values are constant throughout the age range. 
In contrast, the second series of gasps decreases in duration and number, which 
vary together, bj’^ over 25-fold between one and five weeks of age ; and thus con- 
trols variation in discharge time. A separate brain enzjune system promoting 

1 The present investigation was aided by a grant from the Dr. Wallace C. and Clara C. 
Abbott hlemorial Fund of The University of Chicago. 
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anaerobic oxidations is probably involved in tbe second series. Its value to the 
relatively hypoxic fetal organism is obvious. 

Reflex nalvre. In a preliminary report (6) it was shown that only when the 
carotid bodies remain connected to the brain does gasping occur. This was es 
tablished for the decapitate rat and the dog with clamped trachea. To further 



SECONDS 

Fig. 1. Showing that variation of mandibular time with age in the untreated isolated ra 
head is entirely a function of the second anaerobic series of gasps. Each pair of points 
represents the mean value from five rats of the same age. Discharge time is measured 
from the first gasp; not from the point of decapitation. 

TABLE 1 

Showing the necessity oj the carotid reflex mechanism in gasping produced by 
tracheal occlusion or cyanide poisoning 


Bats were four weeks old. Bracketed figures give range. 



GASPING produced BY TRACHEAL 
OCCLUSION 

GASPING PRODUCED BY CYANIDE POISONING 

Number 
of rats 

Average 
■ discharge time 

1 

Average 
number of 
gasps 

Number of 
rats 

Average 
discharge time 

Average number 

1 of gasps 

i 


sec. 



sec. 


Carotid mechanism 







intact 

10 

138 

20 

10 

851 

153 



(126-144) 

(17-24) 

(709-883) 

(141-163) 

Carotid mechanism 







denervated 

10 

0 

0 

10 ■ 


0 


substantiate the reflex nature of gasping, when produced bj’' procedures other 
than decapitation, tracheal occlusion was performed on rats with denervated 
carotid bodies and the discharge times recorded. Four-week old rats were 
operated under chloralose, which has been shown to potentiate carotid reflexes 
and increase discharge time (6). In ten rats, denervation was completed; in ten 
similar controls a dummy operation was performed. As shown in table 1, only 
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the control group showed gasping. The denervated animals developed hypeip- 
neic respiratoiy movements after occlusion of the trachea, but at no time did 
mandibular movements accompany these efforts. 

In a similar series, gasping due to cyanide poisoning was also shown to be 
entirely a carotid reflex response. 'All animals given potassium cyanide (10 
mgm. per kilo i.p.) died, but only those vdth innervated carotid bodies gasped 
(table 1). 

The respiratory center. Ha-\dng established the . character of the carotid- 
mandibular respiratoiy reflex, the question arises as to which link in this reflex 
arc is the first to fail during anoxia and asphyxia. Since the carotid body chemo- 
receptors continue to discharge maximally for 20 to 30 minutes after death (7), 
one may safel}’- assume that gasping does not cease through failure of these ele- 
ments. That the efferent limb of the arc is similarly still functional when gasp- 
ing ceases, was shovTi bj'- testing the linguo-mandibular reflex. This also involves 
the motor muscles and peripheral connections of nerves V and VII, and could be 
elicited for a short time after gasping had ceased. Possible current leakage from 
the stimuli applied to the tongue was excluded by careful insulation. The 
respiratoiy center, then, must be the weakest link in the reflex chain, and dis- 
charge time is a measure of survival of that aspect of the respiratory center 
concerned with the gasping reflex. 

Control of gasping. In the decapitate preparation, the tension of oxygen in 
the respiratory center and carotid bodies begins to fall, and of carbon dioxide to 
rise, at once. The rdles of hj'-poxia and hjqDercapnia in gasping and the locus of 
action lyere determined as follows. 

A two-liter glass chamber was filled ndth a desired Nz-COi mixture by M'ater 
displacement, an 11-day old-rat introduced, and the system continuously flushed 
with the water-saturated gas mixture at 800 ml. per minute. Twenty animals 
were run at each of eight atmospheres. After placing an animal in nitrogen, a 
period of violent struggling began within twent}’- seconds and lasted for about 
fifteen. Near the end of this time, an intense apneic gasping began to accompany 
each inspiratory effort. The mandibular movements then gradually became less 
marked until the}^ were no longer visible (discharge time endpoint), although 
contraction of the diajjhragm and intercostal muscles continued for a short while. 
The average discharge times are shown in figure 3. In 100 per cent nitrogen 
this is 142 seconds, 58 seconds less than that after decapitation. (Controls 
of same strain, age, diet, season.) With increasing CO 2 , to 35 per cent, ano.vic 
discharge time increases, to a maximum of 320 seconds, and then declines again. 
Discharge time varies directly nith the total number of gasps, the intervals 
between gasjjs being essentially^ constant. 

It is concluded that anoxia alone can promote respiratory activity at the gasp- 
ing level, but that maintenance of gasping is enlianced by hy'^percapnia, as in 
true asphjrxia. 

The gasping pattern elicited by”^ exposure to anoxic and hyTjercapnic at- 
mospheres indicates a continuous and constant level of discharge, with no 
grouping into the two separate series of the ymung decapitate preparation. 
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Nevertheless, iodoacetate (1.0 mgm. i.p., 15 min. before anoxia, 45 rats) cub 
the average discharge time to 20 to 30 seconds, regardless of carbon dioxide 
concentration. Since iodoacetate eliminates the second series of gasps in the 
decapitate preparation by interference primarily with the anaerobic oxidative 
mechanisms (4) , it would seem that in the simple anoxic preparation, also, aerobic 
processes support the initial gasps, and anaerobic ones the later gasps. And, 
as in the variation of discharge time with age, the differences in discharge time 
with changing carbon dioxide tension reflect onty the duration of the anaerobic 
series of gasps. 

The effect of hypercapnia without anoida W'as tested by placing similar rats in 
atmospheres of carbon dioxide and oxj^gen. With increasing carbon dioxide 



Fig. 2. Showing the effect of various carbon dioxide concentrations on discharge time 
of untreated 11-day old rats placed in Oj-free atmospheres. Each bar represents the mean 
value from 20 animals placed in the indicated Nj-CO- mixture. Lowest t value is 30. 
The shaded bar indicates discharge time for the comparable isolated head preparation. 

concentration, up to 35 per cent’, no gasps w'ere evoked, even on prolonged ex- 
posure. Higher concentrations- of carbon dioxide produced erratic gasping 
patterns and death. Since concentrations of this magnitude markedlj’^ decrease 
the oxygenation of the blood and interfere with tissue oxddations, a factor of 
hypo.via cannot be eliminated. It is obvious that hypercapnia alone has little 
ability to produce gasping. Anoxia supplies the main drive and CO 2 concentra- 
tion modulates it. 

To determine the site of action on the gasping reflex, a preparation was de- 
vised whereby the chemical eovironment.of the carotid chemoreceptors and that 
of the respiratoiy center could be varied independently. This involved per- 
fusing the carotid bodies, isolated from the main vascular S 3 ’’stem, with the circu- 
lation from another animal, similar to the method of Hermans, et al. (8). Twm 
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male rats were anesthetized with chloralose. Both carotid forks of one were 
isolated and perfused by blood from and returning to the carotid arteries of 
the second (fig. 3). Since the respiratory center is chiefly supplied by the 
vertebral and spinal arteries, ligation of the common carotid arteries of rat 1 
caused little impairment of medullary circulation. Heparin (0.02 gram per 
kilo i.v.) was administered to rat 2 at the end of the operation. 

Rat 2 functions as a perfusion pump and also, since its own carotid bodies are 
intact and recei^dng their usual blood supply, as an indicator. When it gasps, 
the blood perfusing the carotid bodies of rat 1, as well as its own, is obviously 



were cannulated with polished hj'podermic needles and rubber tubing was used for con- 
nections, Rat 2 is heparinized to prevent coagulation. The T-tube tracheal cannulae 
lead to valves by which different atmospheres can Ije administered. 

capable of initiating the gasping reflex. A desired gas mixture was administered 
to each animal from a rubber bag attached to a T-tube in the trachea with ap- 
propriate one-way valves. 

The results of such experiments are summarized in table 2. It is clear that 
COo stimulation of the carotid body cannot initiate gasping unless the neural 
centers are anoxic. Conversely, with an anoxic center, the full potentiation by 
CO 2 can be obtained when this acts only on the carotid system. Thus, in tthe 
simple inhalation experiments, 35 pec cent CO 2 'increased discharge time 129 
per cent; and, in the pei-fusion experiments, 35 per centCO", acting onl}" on the 
carotid bodj’’, increased it 141 per cent. 
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Discussion. Although gasping has little or no function in normal respiration 
of the mammal, it nevertheless provides an index of neurone activitj'-. As 
such, and because of its unique ability to distinguish functionally between 
glycolytic and aerobic oxidations, the technique described may prove useful 
in investigating the metabolism of the respiratoiy center. Although the animal 
is in extremis ■when gasping is observed, the conditions are probably still more 
ph5fsiologic than uith in vitro methods. 

An anal3'sis of gasping is of value not onl3'^ in relation to the use of this phe- 
nomenon as an indicator of metabolic activit3q but also in relation to respiratory 
control. Respiratory movements of fish, consist of little more than gasps, 
indicating the primitiveness of this response. Lumsden has described ( 9 ) 

TABLE 2 

Showing the effect of perfusing the carotid bodies of rat 1 luith blood from rat 2 
when each animal is inhaling a different atmosphere 
Gasping of rat 2, -(vhen it inhaled Na or Ni-COj, indicates that the carotid bodies of rat 1 
were sufficiently stimulated to evoke gasping. Nj = 100% Ni; N^-CO: = 65% N2-35% CO 2 . 
Nj-COj is referred to as asphyxic. Four experiments were done at each inhalation pattern. 
Bracketed figures give the range of the four results. 


IKHATED GAS 1 

! 

COKMTtON or SAT 1 1 

RESPONSE 

or SAT 1 . 

Rati 

Rat 2 

Carotid body 

Respiratory center! 

Number of gasps 

Discharge time 

Air 

1 

• 1 
No ' 

Ano.xic 

Normal 

0 

sec* 

Air 

N2-CO2 

Asphyxic 

Normal 

0 ■ 


N. 

Air 

Normal 

Anoxic 

0 


N.-CO. 

Air 

N ormal 

Asplyxic 

0 I 


Nj 


Anoxic 

Anoxic 

5 (4-7) 

16.5 (14-19) 

Nj-COo 

Na 

Anoxic 

Asphyxic 

6 (5-7) 

15.0 (12-18) 

No 

No.-COo. 

Asphyxic 

Anoxic 

12 (10-14) 

40 (35-42) 


a primitive gasping center located in the medulla and unresponsive to changes 
in carbon dioxide tension. It is possible that the carotid-mandibular reflex 
measures actitdty of this center, released as more recent centers succumb to 
anoxia in a reverse phylogenetic order ( 10 ). The alternative l^pothesis that 
anoxia stimulates the central mechanism -would seem to be contraindicated b3’- 
the body of evidence against direct anoxic excitation of the respiratory center 
( 11 ). 

Two factors are necessary for the appearance of the carotid-mandibular reflex; 
anoxia of the respiratoiy centers, and stimulation of the carotid chemoreceptors. 
Potentiation of the response by carbon dioxide acting on the carotid end organs 
is probably due merely to stronger afferent bombardment of the medullary cen- 
ters. 

Preliminar3' work indicates that the variation of response time -with age is a 
function of the central neurones and not of the carotid bod3\ 
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SUMMARY 

Gasping of the severed rat head has been used by several ^vorkers as an index 
of activity of medullar 3 ’- respiratory centers., Present expenments establish 
the reflex character of gasping in several types of anoxia and locate the actions 
of anoxia and hypercapnia in the reflex arc. 

After decapitation, cyanide administratiori, or inhalation of oxj'-gen-free gas 
mixtures, gasping occurs when the carotid bodies remain functionally con- 
nected with the medulla but is entirely absent when they are disconnected. 
Gasping is terminated by central failure, for the carotid receptors discharge 
long after gasping ends, and the lingual-maxillary reflex (engaging the same 
efferent arc) also outlasts it.' 

‘ Discharge time (from first to last gasps) decreases with age. For llrday rats 
inlialing pure nitrogen, it averages 142 seconds, as compared with 200 after 
decapitation. Addition of CO 2 to the No (but not to O 2 ) increases discharge 
time, to a maximum 320 seconds at 35 per cent CO 2 . That the prolongation 
depends on anaerobic processes is shoum by the ability of iodoacetate to cut 
discharge time to 25 seconds, whatever the CO 2 concentration. 

By “perfusing” the carotid bodies of one rat with the blood of a second and 
varying independently the gas inhaled by each, the medullarj’^ centers and the 
carotid bodies of an animal were exposed to different conditions. Anoxia both 
of the brain and the carotid body must be present for gasping to occur. The 
potentiating action of CO 2 is exclusively on the carotid body. 

These findings, while establishing important peripheral factors in the gasp 
response, do not vitiate its use in investigating the action of central neurones. 
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ture on the skin surface rose quickly to temperatures considerably in excess 
of those nonnally occurring even in hot environments (range from 39 to 45°C) . 
Since the couples were necessarily placed on the surface, however, the high tem- 
perature was attained here somewhat before the gland cells themselves were 
heated at some distance below the skin surface. This factor alone maj’' explain 
in large part the delay in SAveating responses behind the rise in surface tempera- 
ture. 

Following this delay a few very large, dark sweat spots appear in the area of 
highest temperature with little or no sweating on adjacent areas. Sometimes 
smaller sweat spots may be noted briefly on adjacent areas (fig. 1) but as long 
as the temperature of these areas remains low, and the local heating is not ex- 
cessively painful, sweating does not persist except for the normal cyclic periods 
of activity. Sweating increases in intensity in the locally heated area and is 
marked by increasing numbers of'lai’ge droplets (which appear on the record 
as large, dark spots, indicating excessive output by the individual glands). 
Cyclic activity in this area is depressed or obscured by the profuse sweating 
and many glands appear to be continuously active for the duration of the ex- 
posure to heat. If excessive heating is prolonged, 70 to 80 per cent of functional 
sweat glands in the area may be stimulated, but it was usually observed that 
the primary response to direct local heating was an increased output of individual 
glands rather than stimulation of a maximum number of glands. 

Wlien the heat was turned off both the size and number of sweat spots imme- 
diately decreased as local sweating declined more or less progressively ivith the 
fall in surface temperature. Sweating then disappeared when the skin tempera- 
ture Avas still a feiv degrees above the starting nonnal. It may be suggested 
therefore that a critical temperature exists above Avhich direct, locally induced 
sweating occurs and beloAV AA’hich it does not occur. This critical temperature 
is several degrees aboA''e that necessaiy to induce SAveating bj’^ reflex, AA'hen heat 
is applied to a larger surface area. 

Figure 2 demonstrates this local SAveating response to concentrated heat 
on the forearm. Note the relationship betAveen sAveating and local surface 
temperature. The fact that sweating is present at loAver temperatures as the 
area cools compared AA'ith the period of heating is probably related to the insula- 
tion and heat storage capacities of the skin. In one ex-periment the subject 
complained of A^ery seA^ere pain during the heating period and sAveating appeared 
diffusely spread over the heated and adjacent non-heated areas alike, simulta- 
neously AA'ith the development of the seA^ere pain. The rapidity of onset of this 
SAA'cating together AA'ith the smaller and more discrete character of the SAA'eat 
spots identified this response as purely reflex in nature, and contrasted Avith the 
delayed appearance of large SAveat spots confined to the heated area. 

In a fcAA' experiments it AA'as noticed that after prolonged exposures to such 
local heat (at temperatures Avell above 40°C) sweating continued for as long as 
scA cral hours in the central area of highest temperature. Such SAA'eating con- 
tinued in spite of the fact that skin temperatures returned to normal. In some 
experiments, the temperatures of these local areas Avere reduced several degrees 
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below the starting normal temperatures by application of ice-hlled containers, 
without abolition of the persistent local sweating. In all such experiments^ 
damage to the skin was evidenced later by the appearance of local edema and 
blister formation. In fact, after some experience the experimenter could predict 
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Fig. 2. Experiments demonstrating sharplj' localized response to local radiant heat on 
forearm. Records of 20 second duration taken at 30 second intervals. No sweating was 
present during first five minutes of control period, and successive records starting at sixth 
minute show development and regression of individual gland responses (individual sweat 
spots) during and following heat application. Enlarged photograph of original records 
retouched for purposes of reproduction. Skin surface temperatures of he.ated area shown 
in upper left corner of each record. 


skin damage bj’- excessive heat, even befoi'e blister fonnation was evident, by the 
persistence of local sweating. 

Kuno (1934) reported that the irritabilit}’' of the “sweat mechanism” in- 
cluding the centers in the central nervous sj'stem varies seasonally, probably 
inVohdng processes of acclimatization. To our knowledge, however, there is no 
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evidence that such changes in critical temperatures of individual glands to direct 
effects of heat occur. Table 1 summarizes the protocols of a number of experi- 
ments in which the skin temperature was rapidly elevated until local sweating 
was established. Since the temperatures were recorded from the skin surface 
rather than at the precise depth of the sweat glands, it is not advisable to con- 
sider the lvalues as true threshold temperatures, and as indicated above, threshold 
values appear to lie at somewhat lower levels. The data do indicate however 
that such threshold levels of stimulation do exist. This is demonstrated clearly 
in subject Smi (2/7/47) where in successive experiments sweating failed to 
appear when the surface temperature was maintained at 41.15 to 41.85°C for 


TABLE 1 



DATE 

STARTING SKIN 

TIME TO INDUCE 

SKIN TEUPEKATUEE AT FIRST LOCAL 

subject 

TEilPERATURE 

local s^veating 

SWEATING 

Slo 

5/3/46 

°c 

34 .25 

1 min. 40 sec. 

42 .6 — Room temperature 23-30° in 

Slo 

5/6/46 

33 .10 

1 min. 

1 42.2 all summer experiments 

Slo 

5/7/46 

33 .30 

2 min. 

41.0 


Ra 

5/4/46 

33.15 

1 min. 30 sec. 

! 43.2 


Ra 

5/3/46 

32 .9 

2 min. 

42.6 


Ra 

o/lS/46 

32 .2 

3 min. 30 sec. 

39.6 


Ra 

5/22/46 

32.0 

1 min. 30 sec. 

45.5 


Ra 

5/20/46 

31.5 

1 min. 30 sec. 

43.7 


Ra 

5/20/46 

32.05 

2 min. 

38.4 


Ra 

6/22/46 

34.1 

2 min. 30 sec. 

45.35 


Ra 

6/6/46 

33.8 

6 min. 30 sec. 

42 .9 — Temperature raised slowly 

Hal 

5/23/46 

33.9 

S min. 30 see. 

45 .5 — Temperature raised slowly 

Ri 

5/20/46 

31.2 

2 min. 

43 .8 Response delayed several 

Ri 

5/20/46 

32 .7 

2 min. 30 sec. 

44.7 minutes after maximum 

Ri 

5/20/46 

33 .4 

2 min. 

44 .7 temperature had been at- 

• 




tained 


Smi 

2/7/47 

30 .2 

No sweating 

41 .85 (maximum) 

16 .0 — ^Room 

Smi 

2/7/47 

31.2 

2 min. 40 sec. 

42.7 

17.0 Temp. 

Ra 

2/7/47 

30 .0 

1 min. 40 sec. 

44.2 

17 .0 

Ra 

2/7/47 

30.1 

1 min. 30 sec. 

41.4 

16.0 

Ri 

2/25/47 

31.7 

1 min. 30 sec. 

44.8 

25.5 

Dee 

2/24/47 

32 .0 

1 min. 

44.3 

21.0 


6 minutes, but sweating did occur in a subsequent experiment as soon as the 
surface temperature reached 42.7°C. 

Considerable variation in temperatures at which sweating maj*^ first occur, 
even in the same individual at different times, is indicated. Thesevariations 
possibl}'- may be referable to differences in temperature at the precise level of 
the contractile elements in the sweat glands. 

Thus it is not possible to say that small changes in the threshold temperature 
at which sweat glands respond to direct stimulation do not exist in the general 
acclimatization of the sweating mechanism from summer to winter, but it ap- 
pears from table 1 that if such changes do occur they are relatively small. It is 
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likewise impossible to explain relatively large differences in so-called thresholds 
fsiich as aie appaient in subject Ra) at different times. It is evident however 
that the range of such variations are similar in the summer and winter experi- 
ments. If temperatures are raised more slowly sweating may occur at a some- 
what lower temperature, but this is probably directly related to the temperature 
gradients induced and even in these experiments a threshold temperature must 
be reached before sweating occurs. ’ 

Evidence thus far presented indicates that the sweat glands will respond to 
directly applied heat, but the possibility of a sharpl 3 '- localized reflex arc is not 
completely ruled out. From the diffuse type of response observed in experi- 
mentally demonstrated reflex sweating (Randall, 1947) it is difficult to reconcile 
such sharply localized sweating (with complete absence of sweating in adjacent 
areas in some experiments) to anything but a direct response of the glands. 

To check this, normal sweating was abolished in a small area (about 15 mm. 
diameter) by iontophoresis of atropine (pad soaked in 10 cc. of solution con- 
taining 1 mgm atropine, 2 ma for 2 to 5 min.) w'hile sweating continued in all 
adjacent areas. Application of heat to the opposite arm caused excessive sweat- 
ing on the normal, adjacent areas but no sweating in the atropinized area. 
Heat was then applied direct^ to the atropinized area. Although in no in- 
stance did sweating appear as pronounced in the atropinized area as in the ad- 
jacent tissue, a large number of glands were activated at about the same suzlace ■ 
temperature as shown to be required to produce local sweating. Thus although 
reflex impulses were blocked entirely by atropine, some sweat glands in the area 
responded to direct application of heat. Similar results were observed when nor- 
mal reflex sweating was abolished by intradermal injection of 2 per cent procaine, 
that is application of intense radiant heat to the wheal resulted in sweat responses. 

Finally, the local sweating response to heat may remind one of the local re- 
sponse to faradic stimulation reported byWilkins, Newman and Doupe (1938) 
and by Bickford (1938). These workers suggest that the local response to 
faradic stimulation represents an axon reflex mediated through postganglionic 
sj'^mpathetic fibers. It seems doubtful, however, that local heating as employed 
in the present experiments could act as a direct stimulant comparable to faradic 
stimulation. Further, the local sweating response to intense heat was not abol- 
ished (although it was decreased) bj’^ atropine and procaine. Such observations 
made on human skin agree with those of Saito (quoted bj^ Kuno, 1934) who 
obtained sweating by warming the pads of the cat’s foot even though the innerva- 
tion had been sectioned three to six weeks before. 

These observations would indicate therefore, that the profuse response o 
sweat glands to local radiant heat of high intensity is a direct one. ^ The threshold 
temperatures at which this direct stimulation occurs is considerably higher 
however than those encountered under normal circumstances. 

SUMMARY 

Using a method designed to investigate activity of indiridual sneat 
the sweating responses to locally applied radiant heat were studied. len 
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the temperature at the skin surface was rapidty elevated to high levels (39 to 
45°C), large dark sweat spots appeared in the heated area, indicating excessive 
sweat responses by the individual glands. These spots contrasted sharply in 
size with those induced by normal reflex stimulation. A definite threshold 
temperature appears to exist, above which a direct response to local heat may 
occur and below which it does not occur. This threshold appears to lie within 
a rather wide range of temperatures and the range of variation does not appear 
significantly different in summer and winter. Pharmacological eiddence is 
presented to suggest that the profuse sweating response of indhddual glands to 
extreme temperatures is. a direct one in contrast to the usual diffuse reflex re- 
sponse. 


REFERENCES 

Randall, W. C. J. Clin. Investigation 25: 761, 1946. 

Kuno, Y. Physiology of human perspiration. Churchill and Co. Ltd., 1934. 
Wilkins, R. W., H. W. Nevtman and J. Doupe. Brain 61: 290, 1938. 
Bickford, R. G. Clin. Sci. 3: 337, 1938. 

Randall, W. C. Fed. Proc. 6: 1S3, 1947. 




'THTROXINE ARD FOOD SELECTION 


337 


treatment 50 to 70 or even a higher percentage was furnished by fat. In some 
experiments the prethyroid proportion was completely reversed and calories 
derived from starch reached 80 per cent in the course of thyroxine administration, 
while before and after treatment 80 per cent was furnished by lard. 

Discussion. The thyrotoxic state produced by prolonged administration of 
thyroxine increased food intake considerably. The fact that this increase might 
follow the rise in the rate of metabolism after a lag of some days and persisted 
5 to 7 days after the sharp decline of Oa-consumption suggests that increased 
food intake was not directly related to the injection of thyroxine or the resultant 
rise in the rate of metabolism. Presumably there must be some mechanism 



Fig. 4. The effect of thyroxine administration on the proportion of calories derived from 
different foods. 

regulating food intake which is set in motion by the drug directl}’- or as the in- 
direct result of the increase in metabolism. 

Experimental evidence presented shows clearl}^ that a veiy great change in 
selection was associated with the increase in food intake. During the first days 
of increased food consumption the qualitative change was less prominent, but 
later the preference for starchy food became so marked that at the height of the 
thyroxine effect the additional calories ingested were furnished in many cases 
almost entirely by carbohydrates. In some cases the consumption of fat fell 
even below the initial level. 

The selective rise in carbohydrate intake is the more remarkable as before 
and after thyroxine treatment a marked preference for the fatty food was eri- 
dcnt. It would seem natural that the necessary additional calories should be 
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furnished the. food of highest caloric value— at least in an animal ha\dng in 

normal conditions a marked preference for fat. 

The fact that prolonged administration of thyroxine is associated with essen- 
tially similar — though much more pronounced— changes in food selection as ob- 
served in animals exposed to low temperatures (11°C.), may be considered as 
valuable circumstantial evidence in support of the suggestion advanced in an 
earher communication (Donhoffer and Vonotzky, in press) that the selective 
rise in carbohydrate consumption at low temperature may be due to changes 
in thyroid function. 

Considering the remarkable rise in consumption of carbohydrate-rich food 
under the conditions described, it seems probable that the composition of food 
and thyroxine tolerance may be connected. This supposition was suggested by 
the results of Abderhalden and Wertheimer (1926) and Schlossman (1929) but also 
by analogy by the observations of Richter and co-workers (1936, 1938), according 
to which sodium cliloride intake of adrenalectomized and calcium intake of para- 
thyroidectomized rats increases considerably. The thesis that an increased in- 
gestion of carboh3’^drate protects the animal against the damaging effect of long 
continued thyroxine administration is not supported bj’’ the few experiments 
we have performed to test this hypothesis. Briefly the experiments were as follows. 
Four groups of 10 mice were fed exclusively diets 1, 2, and 3, or the. standard 
diet, and given thyroxine until death occurred. All showed the same rise in basal 
metabolism and no significant difference in death rate was evident. Therefore 
no therapeutic inferences can be drawn from these experiments on the value of 
dietetic measures in hj'-perthj’-roidism. 

SUMMARY 

Prolonged administration of thyroxine considerably increased the food intake 
of white mice, The increase in food intake followed the rise of 02-consumption 
after a lag of some da^'s and persisted for a similar period after the fall in the 
rate of metabolism. 

The additional calories ingested during the effect of tltyroxine were furnished, 
free selection provided, mainty, in many cases entirely, by consumption of starchy 
food. At the height of the thjuoxine effect this often provided 80 per cent of 
the calories, while in untreated animals 70 to 80 per cent were furnished bj’’ the 
selection of a fat rich food. 
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The natural advantages of the rat as an experimental animal have made it 
worth while to establish reliable methods for the estimation of renal function 
in this species. In 1942, two of the present authors presented a method using 
inulin and diodrast which gave reproducible results and was of value in com- 
parative experiments, although admittedly cumbersome (1). Dicker and Heller, 
in 1945, criticised the absolute value of the method since ether had been used 
and renal function probably considerablj'’ depressed (2). They presented a 
modified procedure which was, however, still too cumbersome to be of value for 
large groups of animals. In both these methods, the emptying of the bladder 
at the start of the procedure and again ten to thirty minutes later entailed a dou- 
ble hazaixl, since incomplete drainage at the start or at the end of the clearance 
period would give abnormally high or low clearance values respectively. Fur- 
ther, no attempt had been made to determine whether plasma concentrations 
of the test substances measured at the end of the clearance period were valid 
for the whole of that period. 

More recently, Meyer Friedman has estimated the clearance of sodium p- 
aminohippurate (PAH) in the rat (3), but his methods are open to certain crit- 
icisms. It seemed to us that a useful clearance procedure should be established 
on a firm basis vdth some absolute validity and adapted for large series of ani- 
mals. P-aminohippurate, whose advantages are Avell known (4), was used 
throughout instead of diodrast. 

Experimenta.!.'. The relation of dose to ■plasma level. Preliminary to arrang- 
ing a satisfactory clearance procedure, the response of the plasma level to ad' 
ministration of the test substance (inulin or PAH) was investigated. This 
was considered necessarj’- if the test substance rvere to be given as a single dose 
AAothout sustaining infusions and if a single blood sample were to serve as a guide 
to the plasma level during the test period. 

a. The PAH plasma level after injection. It w*as hoped that a quantitative pic- 
ture of the plasma lerml could be obtained b 3 ’’ follondng a single subcutaneous 
administration of PAH. Since clearance is expressed in terms of plasma, wliile 
such curves could only be studied using small samples of whole blood from the 
tail, preliminarj^ experiments were performed to determine whether the who e 
blood anatysis could jdeld tire plasma concentration hj calculation. The metho 
of Bratton and jMarshall for the analy’-sis of PAH was used (5). Male albino 
rats Avere injected subcutaneously AAuth small quantities of PAH and samples 0£ 

1 This work was supported by a grant from the Life Insurance IMedical Research Fund. 

= This work was done during the tenure of a Life In surance Medical Research Fe on s up- 
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blood taken by heart puncture. The hematocrit was determined and a sample 
of blood analysed directly. The remaining blood was then centrifuged and the 
supernatant plasma analysed. The precipitated red cells were washed udth 
isotonic saline until the washings were free of PAH. The cells were then laked 
and analysed for their PAH content. Table 1 shows that the plasma level of 
PAH can be calculated accurately from the whole blood analj’-sis if the hematocrit 
value is knovm. 

PAH as the aqueous solution of the sodium salt was then injected into normal 
rats. The desired doses, 30 to 100 mgm., were prepared by diluting the cUnical 
20 per cent solution in 2 per cent sodium sulfate so that the required amount was 
contained in 4 cc. This quantity was injected subcutaneously and successive 
small samples of tail blood were analysed, 0.1 cc. of blood being used for the 
determination. Hematocrit values were determined at varying times in each 
experiment. As a final precaution, the PAH content of the final tail blood sam- 


TABLE 1 


DLOOD PAH A 

BEUATOCEIT B 

PLASMA PAH 

j CELL PAH 

1 Analysed C 

Calculated 

A X [iOOHlOO-B)] 

1 

1 Analysed 

i 

1 Calculated 

[ rCxioo-B-1 

1 L loo J 

mm. % 

% 

mm. % 

1 mm- % 

mm. % 

mm- % 

2.0 

46 

3.2 

3.1 

0.2 

0.3 

1.5 

45 

2.3 

2.3 

0.2 

0.3 

2.0 

40 

3.2 

3.1 

0.2 ' 

0.3 

2.4 

48 

3.7 ! 

3.6 

0.2 

0.3 


pie was compared with that of heart blood obtained at the same time. Curves 
of this type and in this range were constructed for 14 adult male rats. 

As shown in figure 1, the 40 mgm. dose jdelds a steady plasma level. In this 
case, the value at 52 minutes was 5.2 mgm. per cent, while the calculated average 
for that period was 5.3 mgm. per cent. Doses above 40 mgm. cause the plasma 
level to rise to a maximum within approximately 30 minutes and then to fall. 
With smaller doses the peak level is reached more rapidly. Apparentl}', with 
doses above 40 mgm. the hippurate enters the blood faster than it can be cleared 
by the kidneys. Thus, where the dose of PAH administered is of a size to pro- 
duce a pronounced maximum in the cuiwe, the end point plasma value may not 
represent the mean. Although the plasma concentration falls less rapidljmfter 
GO minutes, clearance determinations based on end point values obtained even 
beyond this time still deal with a rapidly falling curve. On the other hand, 
repeated cmwes obtained from animals given a 40 to 50 mgm. dose showed that 
a plasma sample taken 50 minutes after injection was representative of condi- 
tions e.xisting over the entire period. 

These data indicate that the renal saturation level for PAH lies in the neigh- 
bourhood of 6 mgm. per cent. No variation in hematocrit was noted despite 
the repeated small bleedings and there was close agreement between the last tail 














Plismt PAH m qm.% 


CliEAEANCE OF INULIN AND SODIUM P-AMINOHIPPURATE 343 

blood analysis and the analysis of the simultaneous heart blood sample. The 
curve shown in figure 2 indicates that even with low doses, end point plasma val- 
ues may be misleading. In this animal, the plasma level rose slowly to 6.3 
mgm. per cent, then fell rapidly to 3.6 mgm. per cent at 54 minutes, a value not 
truly representative of the mean. Numerous experiments have shown that when 
the 50 minute plasma value lies below 4.5 mgm. per cent, the curve may be of 
this type. 



_ Fjg. 3. The relation of plasma concentration 50 minutes after subcutaneous administra- 
tion of various doses of PAH. 


, Two conclusions with regard to clearance procedures for PAH using the 
single dose technique foUow from this analysis. 1. If the clearance period begins 
immediately after injection and lasts 50 minutes, a steady plasma level can be 
maintained by a suitable dose. 2. If the clearance period starts 30 or 60 minutes 
after injection, requiring a larger initial dose of PAH, a variably falling plasma 
level during the clearance period results. 

To ascertain the dose of PAH necessarj^ to yield correct plasma levels 50 min- 
utes after injection in different size animals, a large series of determinations was 
earned out. The data are summarised in figure 3. The plasma concentration 
oO minutes after injection is almost linearly proportional to the dose adminis- 
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tered. The dose is not sharply critical, a difference of 10 mgm. producing a 
change in plasma level of approximately 2 mgm. per cent. In this composite 
curve a slight break occui’s in the 40-50 mgm. dose range, cori’esponding to 
5-7 mgm. per cent in the plasma. This break, not veiy apparent in the over all 
grouping of animals Aveighing 100 to 200 grams, was very obAdous udth a more 
restricted Aveight grouping. Thus, for animals Aveighing 120 to 140 grams, and 
140 to 160, the curve breaks sharply betAveen 5 and 7 mgm. per cent, a further 
indication that this is the level of renal saturation. 

b. The inuUn 'plasma level after_ injection. As in the case of PAH it AA^as of 
importance to inA'^estigate the variation of the plasma concentration A\dth time 
after the administration of inulin. This problem Avas not studied previously 
because of the lack of suitable chemical procedures. With the publication by 
Harrison (6) of a method Avhich could measure as little as ‘ly of inulin it became 
feasible to inA’^estigate this problem provided that 1, the plasma value could be 


TABLE 2 


BLOOD INULIN 

PlASltA 

INULIN 

Calculated 

Analysed 

mgm. % 

mgm. % 

mgm. % 

6.5 

13 .0 

14.0 

10.0 

20.0 

20.8 

8.0 

16.0 

15.6 

13.5 

27.0 

' 26.5 


obtained from the whole blood value by calculation, and that 2, in vieAV of the 
small size of the sample, the necessity for yeast treatment to remove fermentable 
sugars could be avoided. 

It Avas expected that no inulin A\muld enter the red cell. Thus, assuming a 
hematocrit of 50 per cent (normal for the rat) the plasma concentration sliould 
be tAAuce that of the blood. A series of animals was studied to satisfj'- this assump- 
tion. Inulin Avas injected, a blood sample taken, arid the inulin content of both 
blood and plasma determined. Table 2 presents typical data, and shoAA^s that 
the AAdiole blood concentration obtained by analysis is directly convertible to 
the ]3lasma Amlue proAuding the hematocrit remains unchanged. 

In the analysis of AA’’hole blood it Avas found that the inulin content could be 
estimated Avithout 3''east treatment by subtracting a blank blood A’^alue obtained 
from the same animal before the administration of inulin. Indeed, a calibration 
cmwe for inulin in blood differed from the aqueous curve onlj’’ by the blank A^alue 
of the particular blood used to establish the cuiwe (fig. 4). InA’^estigation of a 
series of normal animals shoAA’ed that this blank Amlue AAris fairly uniform. 

A 2 per cent solution of inulin in saline aa^s then prepared, adsorbed on char- 
coal AAdiile hot, and filtered hot through a Seitz EK disc. Three cubic centi- 
meters (60 mgm.) of this inulin solution AA-ere injected intraperitoneally to insure 
uniform and rapid absorption into the blood stream. In our e.xperience inulin 
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solutions are poorly absorbed from the subcutaneous tissues. The typical plas- 
ma concentration curves for a series of animals are shovm in figure 5. 

From a. study of such curves it' appeared that the intraperitoneal injection 
of this amount of inulin yielded a plasma concentration which increased smoothly 
for at least 50 minutes. The mean value of the inulin concentration in plasma 
for that period corresponded closely to two-thirds of the value obtained by analy- 
sis of a sample taken at 50 minutes. 



Fig. 4. The colorimetric reading of inulin in blood is the sum of its inulin content plus 
the blank value for whole blood. 

The clearance of imilin and PAH. It became increasingly clear that for the 
determination of both inulin and PAH clearances, an experimental period ex- 
tending for 50 minutes from the time of injection was an eminently suitable 
arrangement. Not onlj’’ are the plasma concentrations reasonablj’’ steady, but 
in addition, the necessity of draining the bladder at the start of the period is 
eliminated. This diminishes the hazard of incomplete urine collection. Based 
on this, a series of clearance determinations were carried out in normal male 
rats. Although the clearance of inulin and PAH were determined simultaneously, 
for convenience in discussion they will be separate^" presented. 

a. The clearance of inulin. The clearance of inulin, Cix, was investigated 
in GO adult rats. The average values obtained were plotted against the plasma 




346 • • BBIBDjVtAJSr, POLliEY ‘AND 'PRrEDjMAN ' 

concentration, which ranged from 30 to 60 mgm. per, cent. The inulin clearance 
was independent of plasma level in the range investigated; the average value for 
CiN when the plasma concentration was 31-40 mgm. per cent was 0.72 cc./lOO 
grams/min., when 41-50 mgm. per cent, 0.75 cc., and when 51-60 mgm. per cent, 
0.70 cc. In these experiments urine flow was not excessive, averaging 0.5 to 
0.7 cc./hour, and inulin clearance was independent of the rate of urine flow. 



Fig. 5. The plasma concentration of inulin after intraperitoneal administration of an 
aqueous solution in three animals. 

b. The clearmice of PAH. According to the classical work of Smith and his 
co-workers (7, 8) the clearance of a substance which is wholly removed from the 
plasma during one passage through the kidney measures the renal plasma flow. 
The clearance of this substance will be independent of its concentration in the 
plasma providing this does not exceed the capacity of the tubules. Mflienthe 
plasma concentration exceeds the saturation level of the tubules, further excre- 
tion becomes referrable onty to filtration, and the clearance is depiessed. 

In figure 6 the clearance of PAH, Cpah, is plotted against the 50 minute 
plasma concentration. ' The data were obtained from the same 60 animals dis- 
cussed above. It is evident that the clearance is independent of plasma Jeve 
where this is not less than 4.5 mgm. per cent nor more than 7 mgm. per cent. 


C pAU ce . /ioQ tf/rfx /<»/«. 
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Above 7 mgm. per cent tbe clearance is progressively depressed while, on the 
other hand, abnormally high clearance values are obtained when the concentra- 
tion falls below 4.5 mgm. per cent.. This latter finding is interpreted as a con- 
firmation of the caution stated previously, that a 50 minute plasma level below 
tubular saturation probably reflects a falling curve during the clearance period. 
Such end point values are lower than the true mean and hence yield falsely high 
clearance values. 



Fig. 6. The clearance of PAH at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


c. The measitreinenl of tubular mass. The tubular excretion, T, of a test sub- 
stance is the minute urinary output of that substance less the amount excreted 
by filtration. In calculating T, since the water content of, plasma, W, is rela- 
tively constant at about 0.9, it is taken as unity. Similarl}’^, for those plasma 
concentrations under discussion a negligible error is introduced by considering 
the freely filterable fraction of PAH, F, to be constant at 0.8 (4). 

Once the tubules are saturated, T becomes a constant, Tm, which reflects 
the amount of functional excretory tubular tissue. As shown in figure 7 the 
saturation level, where T becomes a constant, is again 5 to 7 mgm. per cent. 
Beyond 7 mgm. per cent a secondarj' rise in T is observed. This is expected, 
since no correction was made for the change in F as the plasma concentration 
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increased. Moreover, above tubular saturation the curve of plasma concentra- 
tion for the period is humped and the 50 minute plasma level used in the calcula- 
tion of T is lower than the actual mean plasma concentration for the period. 

It is important, therefore, in the study of clearance values in normal animals 
that the terminal plasma level of PAH lie within a restricted range, if values 
derived are to have absolute as well as relative meaning. 

, Proceduve for the simultaneous determination of inulin and PAH clearances in 
large series. In designing a clearance procedure applicable to the study of large 



Fig. 7. Tubular excretion of PAH at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


series of animals the method should be as simple as possible. To effect this the 
inulin and PAH analyses were modified so that they could be carried out simul- 
taneously as far as possible. The animal and analytical procedures were as fol- 
lows. 

Animal methods. Four cubic centimeters of PAH solution (12.5 mgm./cc. in 2 per cent 
sodium sulfate) are injected subcutaneousb" in the lumbar region. The 50 mgm. dose will 
yield the correct plasma level in almost all animals of 160 to 210 grams. If the weight is 
120 to 160, a 45 mgm. dose suffices, while for animals of 220 to 260 grams the dose may be 

raised to 55 mgm. • ■ i- • t- \ • 

Immediately following this, 3 cc. of warm inulin solution (2 per cent inulin in salinej is 
injected intraperitonealiy. Although the inulin solution in the earlier experiments «as 
treated to remove pyrogen, we have latterly found this unnecessary. The collection pcrio 
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is timed from the completion of the second injection. The rat is placed directly into a 
metabolism funnel. Pifty minutes after injection the rat is picked up over the funnel and 
the bladder drained by suprapubic pressure. Micturition is usually quite free and spon- 
taneous, however. Immediately following urine collection 0.75 cc. of blood is obtained by 
heart puncture, using a 24 or 25 gauge needle. With practice, the blood is taken during the 
5lBt minute. The animal is then returned to its cage unharmed and the blood centrifuged 
for 15 minutes at high speed. 

The funnel is rinsed thoroughly and urine and funnel washings made up to a total volume 
of 100 cc., 0.2 cc. of which is used for the analytical procedure. If the diluted urine is heav- 
ily contaminated with feces it may be cleared by filtration; under ordinary circumstances, 
however, it remains reasonably clear. Attempts to filter the urine directly by devices within 
the funnel are not advisable since there may be the loss of a drop of urine containing a 
high concentration of the test substances. Urine made up as above yields a negligible 
blank value for both PAH and inulin despite feces contamination. 

Chemical methods. 1. Add 0.2 cc. plasma to 6 cc. distilled water, rinsing the pipette 
thoroughly. 

2. Add 2 cc. of 13 per cent trichloracetic acid. Shake and centrifuge at moderate speed 
for 5 minutes. 


PAH 

3a. To 3 cc. of supernatant add 0.3 cc. of 
0.1 per cent sodium nitrite. Shake and al- 
low to stand for 3 minutes. 

4a. Add 0.3 cc. of 0.5 per cent ammonium 
sulphamate. Shake and allow to stand for 
3 minutes. 

5a. Add 1.5 cc. of 0.1 per cent N-(naph- 
thyl) ethylene diamine dihydrochloride. 
The color develops rapidly. Allow to stand 
10 minutes, then transfer to a micro color- 
imeter tube for reading in a' photoelectric 
colorimeter using a 525 n filter. The color- 
meter is set to zero with a colorless reagent 
blank. 


Inulin 

3b. Place 2 cc. of supernatant in a boiling 
tube. 

4b. Add 4 cc. of Harrison's reagent 


5b. Place the tube in boiling water for 
30 minutes, cool at room temperature for 
30 minutes, transfer to a micro colorimeter 
tube and read in photoelectric colorimeter 
with a 625 /i filter. The colorimeter is set to 
zero with a reagent blank. 


Experiments with rat plasma show a negligible blank for PAH and a small relatively con- 
stant blank for inulin where the solutions are free of turbidity. At inulin plasma levels 
above 30 mgm. per cent the blank value may be ignored. 

Urine diluted as stated in the section dealing with animal methods is handled in the 
same way as plasma, 0.2 cc. being further diluted in 6 cc. of water and exposed to the pre- 
cipitating agent. 

Using this technique, the animals are conveniently handled at the rate of 16 a day by one 
operator and one analyst. 

In calculating the normal clearance values obtained where the terminal PAH 
level is between 5 and 7 mgm. per cent it was observed that renal function did 
not increase in direct proportion to body weight, so that expressing results in 
terms of 100 grams yielded lower values for larger animals, as seen in table 3. 
This difference disappeared if the results were corrected according to kidney 
weight using the formula of Braun Menendez (9). The formula, y (kidney 
weight) = 2.06 .t (body weight) -f 277, is in reality only a special’ case of the 
general power formula y = ax\ where a and h are constants; kidney weight is 



350 


FBIEDiMAig, POLIiEY AND ERrEDSIAN 


actually a function of surface area. Meeh’s application of the power formula to ■ 
surface area in the rat, ^(cin^) = 11.23 weight was applied to the data and 
table 3 shows the identity of values obtained for the two series of animals when 
the data were recalculated for 100 cm^. 


TABLE 3 


GROUP 

1 

NUMBER OF 
ANIMALS 

1 

weight 

CiN 

CC./lOO G. 

CpAH 
CC./lOO G. 

TmpAs 
ilGU./lOO G. 

CiN 

CC./100 dl*. 

CpAS 
CC./lOO CM* 

TmpAH 
UGU./lOO CM* 







1 



1 ! 

8 i 






2.32 

0.10 



j 

i 


± 0.36 



± 0.17 

± 0.01 

2 

S 

177 





2.31 

0.10 








± 0.18 

± 0.01 


TABLE 4 


NO. 

WT. 

Gin 

CC./lOO CM* 

CpAH 

CC./lOO CM* 

TmpAH 
MGM./IOO CM* 

^Xioo 

Cpah 

CpAH 

TmpAH 

1 

153 

0.36 

2.16 

0.11 . 

% 

16.7 

19.1 

■ 2 

154 

0.38 

2.20 

0.10 

17.5 

21. -2 

3 

146 

0.39 

2.40 

0.10 

16.6 

22.4 

4 

153 

0.36 

2.59 

0.10 

13.8 

25.6 

5 

147 

0.40 

2.45 

0.11 

16.5 

22.0 

6 

148 

0.42 

2.33 

0.12 

, 18.0 

■ 19.2 

7 

140 

0.42 

2.07 

0.10 

20.4 

19 .7 

8 

140 

0.41 

2.41 

0.10 

17.1 

24.1 

9 

175 

0.29 

2.13 

0.09 

13.6 

22.5 

10 

168 

0.39 

2.32 

0.10 

■ 17.0 

22.3 

11 

186 

0.36 

2.23 

. 0.10 

16 .4 

22.0 

12 

188 

0.35 

2.18 

0.08 

16.0 

23.0 

13 

175 

0.27 

2.14 

0.10 

13.1 

21.7 

14 

168 

^ 0.36 

2.32 

0.09 

17.0 

25.2 

Average . . 
S.D 


0.36 
± 0 .04 

2.31 

± 0.18 

0.10 

± 0.01 

15.7 

± 2.3 

22.1 

± 2.0 


In table 4 normal clearance values obtained from 14 animals selected at random 
from our large series are shown. The results group closely as shown by the low 
standard deviation in each case. 

Discussion. In the original attempt to apply the inulin and diodrast clear- 
ance methods to the rat the importance of a representative plasma sample was 
recognized. A clearance period of one hour was used and a mid point blood sam- 
ple obtained. Since one hour had been allowed for equilibriation of the test 
substance before beginning the clearance period it was felt that the slope of fall 
of the plasma level during the second hour would be uniform and a mid point 
sample would accuratel}' represent the mean. TNdiile consistent results vere 
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obtained with the method it was admittedly laborious. Dicker and Heller 
(2) modified the technique to use a short clearance period of 10 to 30 minutes and 
introduced the device of a terminal blood sample as an estimate of the mean. 
It was not practical to test the validity of this end point determination since the 
diodrast analysis required sizable amounts of plasma and precluded the possi- 
bihty of studying a plasma curve. 

More recently Meyer Friedman (3) has studied the clearance of PAH in the 
rat and arrived at certain interesting conclusions. His method is open to consid- 
erable criticism, however, in the light of the present findings. For example, 
he studied the clearance of 100 mgm. of PAH in the hour following subcutaneous 
injection. This amount gives, a markedly humped plasma curve and is well 
above the saturation limit. We cannot but feel that the ensuing end point plasma 
levels, as published, are essentially meaningless. 

Dicker and Heller reported no variation in the inulin clearance with urine 
flow in the range studied. The present observations confirm these findings for 
low rates of urine formation (up to 0.75 cc./hr.). On the other hand, both Fried- 
man (3) and Braun Menendez and Chiodi (10) have shown an increase in the 
inulin clearance with higher flows. Estimates derived from Friedman’s data 
indicate that Cpah is actually increased by the excessive hydration, and this 
increase in renal plasma flow would seem the obvious explanation for the in- 
creased glomerular filtration rate observed. It does not seem over-cautious 
to assume that urine flow rates exceeding 1 cc. per hour involve far reaching 
changes in renal hemod 3 mamics which invalidate any attempt to interpret the 
clearance values obtained. 

The clearance data of Braun Menendez and Chiodi are especially interesting. 
Their data are complicated by the presence of hydration since they were in- 
terested in this particular feature, but, in general, using a technique similar to 
that of Dicker and Heller they obtained values for Ci^- and Tmo of the same 
order as those here presented. Similarly, Cd was comparable to the normal 
value here given for Cpah when urine flow was of similar magnitude and plasma 
diodrast did not exceed 3.5 mgm. per cent iodine. 

In the present series the normal renal plasma flow, Cpah, is higher than that 
previously reported and the CpAn/TmpAH ratio higher than in any other 
species yet studied. It is not unexpected that this should be so when, for exam- 
ple, the normal pulse rate in the rat is approximately 300 per minute (11) when 
compared with 70 for man. 

SUMMAUV 

1. Renal function has been investigated in the rat using inulin and sodium 
p-arainohippurate. 

2. The calculation of results is most suitably based on surface area. The 
normal values obtained, expressed per 100 cm- of body surface are as follows: 
Crx 0.36 ± 0.04 cc./min.; Cp.m 2.31 ± 0.18 cc./min.; TmpAH 0.10 d= 0.01 
mgm./min.; F. F. 15.7 per cent ± 2.3; and Cp.A.n/Tmp.tH 22.1 ± 2.0. 

3. Renal plasma flow per unit of tubular excretory tissue is greater than in 
other animals investigated and may be related to hemodynamic differences. 
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In a previous communication (1) a pressor principle was described which was 
found to appear in the blood plasma of cats that had died of several causes or 
that had been subjected to a period of hemorrhagic hypotension. The pressor 
principle was found in the plasmas of cats in which the kidneys remained intact 
but not in the plasmas of cats which had previously been nephrectomized. This 
pressor substance appeared to be characterized by its ability to cause a sustained 
elevation of blood pressure (BP) when injected intravenous^ into cats nephrec- 
tomized 1 to 2 days before, and contrariwise, the elevation in BP was slight and 
not sustained when the same material Avas injected into normal non-nephrec- 
tomized cats. These findings suggest that the kidneys are concerned in the pro- 
duction of this pressor principle and that they may also be the source of its in- 
hibitor or antagonist. 

It was also reported (1) that when kidney extract containing renin was in- 
jected into nephrectomized cats the resulting pressor response often did not 
subside completely, a sustained elevation of BP 10-15 mm. Hg above the base 
level being observed. 

This observation suggested the possibility that the kidney extract might con- 
tain the sustained pressor principle in addition to renin, and that if larger quan- 
tities Avere administered over a longer period of time a substantial quantity of 
the pressor principle might be recovered from the cats’ blood. Such a finding 
would offer further support for the renal origin of the principle. 

Methods. The kidnej'" e.xtracts AA'ere prepared from kidneys remoA^ed from 
normal cats under anesthesia. One hundred grams of Avhole kidneys were 
stirred in a Waring Blendor Avith 300 ml. of 2 per cent sodium chloride solution, 
after Avhich glacial acetic acid Avas added to a concentration of 2 per cent. The 
insoluble material Avas removed bA" centrifugation and discarded. To the super- 
natant fluid ammonium sulfate solution AA'as added to 0.6 saturation. The re- 
sulting precipitate Avas collected on Bucimer funnels, suspended in AA'ater, and 
dialyzed 16 hours or until free of ammonium sulfate. The supernatant fluid 
from the material remaining in the sac aa^s used as the kidney extract. 

TJie extracts AA-ere injected intraA'enously into 3 series of anesthetized cats: 
1, unoperated normal animals; 2, those bilaterally nephrectomized approxiraatelj’’ 
one-half hour before, and 3, those nephrectomized 2 days before. The extracts 
(representing 13-34 grams of original kidney) AA'ere giA'en in repeated doses oAmr 
a period of 1 to 2 hours and, after A'aiying amounts of time folloAA'ing the last 
injection, the cats AA'ere bled using heparin as the anticoagulant. 
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The plasmas obtained were assayed for their ability to cause a sustained 
pressor response. For this test, 2 ml. quantities were injected intravenously 
into pithed cats, the kidneys of Avhich had been removed 2 daj^s before. The 
technic for preparing the animals has been described elsewhere (1). With one 
exception each plasma was tested on two or more cat preparations and its activ- 
ity evaluated by measuring the sustained elevation in BP in millimeters of 
mercuiy (see legend, fig. 1). 

Eeshlts. In figure 1 is presented a summary of the pressor assays of the cat 
plasmas. Those from the “2-day nephrectomized” cats were, in general, quite 



Fig. 1. Graphs showing sustained pressor activity of plasmas recovered from 3 groups 
of anesthetized cats given cat kidney extract intravenously; upper row, “2-day nephrec- 
tomized”; middle row, acutely nephrectomized; bottom row, non-nephrectomized. — 
number of grams of original cat kidney from which the kidney extract injected was derived, 
t — ^number of hours elapsed after last kidney extract injection before cat was bled to obtain 
plasma. Each bar represents an individual test in a separate pithed cat. Ordinate scales 
indicate magnitude of sustained pressure elevation. ± 5-10 mm. Hg; -j- 10-25 mm. Hg; 
-t-f 25-45 mm. Hg; +-f -h 45-65 mm. Hg; -h++-h 65 mm. Hg or greater. 

active and the sustained pressor responses compared in magnitude with those 
obtained vdth the injection of hemorrhagic shock plasmas (1). The plasmas 
from both the non-nephrectomized and the acutely neplnectomized cats usually 
showed distinctly less activity with only minimal or 1-plus sustained pressor 
responses. The plasmas from the acutely nephrectomized animals did not 
exliibit significantly greater sustained pressor activity than those from the non- 

nephrectomized cats. . , 

Since large quantities of renin were present in the Icidney extracts adminis- 
tered to the cats, the amounts of renin remaining in the plasmas were determined. 
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For the renin assay, 3 ml. of substrate solution^ were incubated for 1 hour at 
37°C. with 1 ml. of saline and 1 ml. of cat plasma made angiotonase-free by the 
method of Braun-Menendez ei al. (2). Dilute HCl Avas then added to pH 5.1- 
5.3 and the mixture heated to 100°C. for 10 minutes. The coagulated protein 
was removed by centrifugation and an aliquot of the clear supernatant fluid 
injected into pithed cats. Control mixtures were similarly made from the same 
materials, but were incubated separately. By this method of assay, onlj'^ a 
very small amount of renin rvas found in any of the active cat plasmas and in 
seA'eral the presence of renin Avas barel}'^ detectable. 

Evidence that the sustained pressor actwity of the plasma Avas not due to the 
small quantity of renin present Avas obtained by injecting into a test cat an amount 
of diluted kidney extract AA'hich Avas shoA\m by assay to haA’e the same renin con- 
tent as that of 2 ml. of the cat plasma. A transient, almost negligible elevation 



Fig. 2. Mean blood pressure tracing of pithed cat nephrectomized 2 days before. IV 
injection; 1, 0.002 ml. of cat kidney extract; 2, 2 ml. of plasma obtained from a “2-day ne- 
phrectomized’’ cat 2 hours after last injection of kidney extract, total quantity of which 
was derived from 30 grams of kidney tissue. The 0.002 ml. of kidney extract contained the 
same quantity of renin as the 2 ml. of cat plasma. Time marker — 1 minute. 

in BP resulted from the kidney extract injection, but the plasma produced a 
marked and sustained BP rise (see fig. 2). 

Attempts were made to produce the sustained pressor principle in vitro b}'^ 
incubating for 3 hours, at 37°C., mixtures of small quantities of kidney extract 
and plasmas from cats nephrectomized 2 days before, Avith or AA'ithout the addi- 
tion of angiotonase prepared from hemolyzed red cells. Injection of the incu- 
bated mixtures into test cats caused transient elevations of BP AA’hich Avere no 
diiTerent from those resulting from the injection of the kidney extract alone. 

Discussion. The present experiments offer further support for the belief 
that the kidnej^s arc concerned in the production of the sustained pre.ssor prin- 

‘ The renin substrate prepared from hog serum was made angiotonase-free by adjusting 
to pll 3.5 with lactic acid and incubating 20 minutes at 37°C. The solution was then neu- 
tralized with NaOn. 
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ciple. Evidence now available indicates that it may be a nev^ and separate 
entity, distinguishable by sevei'al means from other known pressor substances 
originating in the kidney. In favor of the hypothesis that the kidney e.xtract 
contains the pressor prmciple in addition to renin are the observations that: 
1 , small but definitel}'’ sustained eloAmtions of BP are obseiwed when veiy small 
quantities of kidney extract are given intravenously to “ 2 -daj" nephrectomized” 
cats; 2 , large amounts of the pressor principle but onl}'^ A^eiy small amounts of 
renin are recovered from the plasma of cats given large quantities of kidney 
extracts; and 3 , incubation of kidney extract Avith blood plasma obtained from 
“2-da3’^ nephrectomized” cats does not cause the formation of detectable amounts 
of the sustained pressor pilneiple. With intrar^enous administration, the ani- 
mal maj’’ be able to destroy, fix in the tissues, or otherwise inactivate the renin, 
leaAung unaltered the more durable pressor principle in the blood stream. How- 
ever, the possibility has not been excluded that the enzj’^me, renin, maj"^ form 
another pressor agent AA'hich is much more stable m vivo than angiotonin, but, 
unlike angiotonin, is labile to heat in vitro and is nondialyzable ( 1 ). 

The relatiArel}’^ large 3’’ield of actree pressor material obtained from “2-da3'^ 
nephrectomized” cats and the recoveiy of onb^ small amounts from the normal 
cats given kidne3'' extract impb’- a possible inhibitoiy influence attributable to 
the presence of the kidne3^s in the latter animals. HoAvever, removal of the 
kidne3’’s immediateb'^ prior to the injections of kidne3" extract did not significantly 
increase the amount of pressor material in the cat plasmas. The actual presence 
of the kidne3'^s in the animal therefore cannot be regarded as the factor primarib" 
responsible for the diminished yield of the active pressor agent. 

SUMMARY 

Kidne 3 ’' extracts prepared from normal cat kidne 3 '^s Avere injected intravenousb’’ 
into three series of anesthetized cats: 1, unoperated normal animals; 2, those 
bilateralb^ nephrectomized one-half hour before, and 3, those nephrectomized 
2 da 3 '^s before. Plasma from blood draAvn vaiying periods of time folloAving the 
injections AA’as tested for the presence of the pressor principle capable of causing 
a sustained elevation of blood pressure in test cats AA’hich had been nephrec- 
tomized 2 da 3 "S before. 

Relative^ large quantities of the pressor substance AA-ere found to be present 
in the blood plasmas from the “2-da3'^ nephreetomized” animals, AA'hile onb" 
small amounts AA'ere present in plasmas from the normal cats and from those 
AA’hich had been nephrectomized immediateb'^ before the kidne3'^ extract injec- 
tions. The actual presence of kidne 3 "s in the animal dees not appear to be the 
factor primarib'^ responsible for the diminished quantities of sustained pressoi 
material recovered in the latter plasmas. 

The amount of renin remaining in the plasmas from the injected cats AA-as vciy 
small and in several instances Avas bareb’’ detectable. Control injections of such 
minute amounts of renin into test cats caused onb" small, unsustained pressoi 
responses. 
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The present experiments suggest that the sustained pressor principle may be 
a new and separate entity, phj'siologically distinct from renin, but extractable 
from kidne3>- tissue along with renin. 

We wish to acknowledge the technical assistance of Robert M. Sanders, 
William R. Cherrj'- and Ora A. Harvey. 
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Gasping in the isolated ischemic rat head has been used to determine the influ- 
ence of drugs and of other factors on survival of this primitive respiratory mech- 
anism during asphjoda (1-5). The advantages of this simple technique, which 
requires little time and less equipment for the study of various phases of respira- 
tory center activity, are obvious. The purpose of these investigations is to 
examine the neurological basis of the mandibular respiratory movement, to 
which the meaning of the term “gasp” will be restricted, and to analyse the 
effects of oxygen lack and carbon dioxide excess. 

Methods and results. Discharge time. Selle has shown that the survival of 
gasping is inversely proportional to age for animals, up to or slightly past the 
weaning period. A graph of this function for the animals in our colony was es- 
tablished (fig. 1) as a base of reference. The method and apparatus used for 
decapitation were similar to those described preidously (4). Since there is no sex 
variation vithin any given age group, both male and female rats, of the Wistar 
strain, were used. They received no special treatment prior to decapitation. 
All measurements are given in terms of “discharge time,” the interval between 
the first and last gasps. This measurement was used rather than survival time, 
measured from the time of decapitation, because it represents a unit of respiratory 
response, which indicates a certain minimum activity of the respiratoiy center. 
It is comparable in procedures w^hich induce gasping after widely varied times, 
such as decapitation and nitrogen inhalation. 

It has been sliown that, in 3 '’Oung animals particularly, two series, of gasps, 
separated bj’" a period of apnea, occur (1, 4). The use of substances preventing 
oxidative or anaerobic reactions has shown that the first series of gasps depends 
on aerobic mechanisms, the second on anaerobic ones. 

Figure 1 represents a total of 220 animals evenly distributed throughout the 
age range. The curve shoving discharge time also represents, of course, the end 
of the second series. The initial period of apnea folloving decapitation averages 
4 seconds (3.2-5.0); the first series of gasps averages 3 seconds’ (0.5-6.7) and 4.5 
gasps (1-8); and the period of apnea between the two gasp series averages 16 
seconds (13.5-20.0). All these values are constant throughout the age range. 
In conti’ast, the second series of gasps decreases in duration and number, which 
vaiy together, bj'’ over 25-fold betw’een one and five weeks of age ; and thus con- 
trols variation in discharge time. A separate brain enz 3 Tne S 3 "stem promoting 

1 The present investigation was aided by a grant from the Dr. Wallace C. and Clara C. 
Abbott iS'Iemorial Fund of The Universitj' of Chicago. 
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anaerobic oxidations is probably involved in the second series. Its value to the 
relatively hypoxic fetal organism is obvious. 

Reflex nalure. In a preliminary report (6) it was shomi that only when the 
carotid bodies remain connected to the brain does gasping occur. This was es 
tabhshed for the decapitate rat and the dog ndth clamped trachea. To further 



SECONDS 

Fig. 1. Showing that variation of mandibular time with age in the .untreated isolated ra 
head is entirely a function of the second anaerobic series of gasps. Each pair of points 
represents the mean value from five rats of the same age. Discharge time is measured 
from the first gasp; not from the point of decapitation. 

TABLE 1 

Showing the necessity of the carotid reflex viechanisin in gasping produced by 
tracheal occlusion or cyanide poisoning 


Rats were four weeks old. Bracketed figures give range. 



GASPING paODUCED BY TaACHBAB 
OCCI.USION 

GASPING PRODUCXD BV CYANIDE POISONING 

Nomber 
of rats 

Average 
discharge time 

Average 
number of 
gasps 

ilsumbcr of 
rats 

Average 
discharge time 

.Average number 
of gasps 



sec. 



see. 


Carotid mechanism 





1 


intact 

10 

13S ! 

20 

10 ! 

851 

153 



(126-144) 

(17-24) 


(709-S83) 

(141-163) 

Carotid mechanism 







denervated 

10 

0 

0 

10 

0 

0 


substantiate the reflex nature of gasping, when produced by procedures other 
than decapitation, tracheal occlusion was performed on rats with denervated 
carotid bodies and the discharge times recorded. Four-week old rats were 
operated under chloralose, which has been shown to potentiate carotid reflexes 
and increase discharge time (6). In ten rats, deneivation was completed; in ten 
similar controls a dummy operation was perfoimed. As shown in table 1, only 











360 


KOBERT B. TSCHIRGl AND R. W. GERARD 


the control group showed gasping. The denervated animals developed hyperp- 
neic respiratory movements after occlusion of the trachea,- but at no time did 
mandibular movements accompany these efforts. 

In a similar series, gasping due to cyanide poisoning was also shown to be 
entirely a carotid reflex response. All animals given potassium cyanide (10 
mgm. per kilo i.p.) died, but onij'' those with innervated carotid bodies gasped 
(table 1). 

The respiratory center. Ha\dng established the character of the carotid- 
mandibular respiratory reflex, the question arises as to which link in this reflex 
arc is the first to fail during anoxia and asphyxia. Since the carotid body cheino-_ 
receptors continue to discharge maximally for 20 to 30 minutes after death (7), 
one may safelj'- assume that gasping does not cease through failure of these ele- 
ments. That the efferent limb of the arc is similar] 3 ’' still functional when gasp- 
ing ceases , was shown b 3 ’' testing the linguo-mandibular reflex. This also involves 
the motor muscles and peripheral connections of nerves V and VII, and could be 
elicited for a short time after gasping had ceased. Possible cun-ent leakage from 
the stimuli applied to the tongue was excluded by careful insulation. The 
respiratory center, then, must be the weakest link in the reflex chain, and dis- 
charge time is a measure of sur\dval of that aspect of the respiratoiy center 
concerned with the gasping reflex. 

Control of gasping. In the decapitate preparation, the tension of oxygen in 
the respiratory center and carotid bodies begins to fall,, and of carbon dioxide to 
rise, at once. The rdles of h 3 '’poxia and h 3 'percapnia in gasping and the locus of 
action were determined as follows. 

A two-liter glass chamber was filled vdth a desired Ns-CO^ mixture by water 
displacement, an ll-da 3 '- old-rat introduced, and the system continuously flushed 
with the water-saturated gas mixture at 800 ml. per minute. Twent 3 ’- animals 
were run at each of eight atmospheres. After placing an animal in nitrogen, a 
period of violent struggling began within twenty seconds and lasted for about 
fifteen. Near the end of this time, an intense apneic gasping began to accompany 
each inspiratory effort. The mandibular movements then graduail 3 '’ became less 
marked until the3’' were no longer Ausible (discharge time endpoint), although 
contraction of the diaphragm and intercostal muscles continued for a short while. 
The average discharge times are shown in figure 3. In 100 per cent nitrogen 
this is 142 seconds, 58 seconds less than that after decapitation. (Controls 
of same strain, age, diet, season.) With increasing CO 2 , to 35 per cent, ano.vic 
discharge time increases, to a maximum of 320 seconds, and then declines again. 
Discharge time varies direct^ ndth the total number of gasps, the inter\"als 
between gasps being essentiall 3 ’’ constant. 

It is concluded that anoxia alone can promote respiratory activit 3 ’' at the gasp- 
ing level, but that maintenance of gasping is enlranced by hypercapnia, as in 
true asply-xia. 

The gasping pattern elicited b 3 ’’ exposure to anoxic and hypercapnic at- 
mospheres indicates a continuous and constant level of discharge, noth no 
grouping into the two separate series of the 3 mung decapitate preparation. 
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Nevertheless, iodoacetate (1.0 mgm. i.p., 15 min.' before anoxia,. 45 rats) cut- 
the average discharge time to 20 to 30 seconds, regardless of carbon dioxide 
concentration. Since iodoacetate eliminates the second series of gasps in the 
decapitate preparation by interference primarily vath the anaerobic oxidative 
mechanisms (4), it would seem that in the simple anoxic preparation, also, aerobic 
processes support the initial gasps, and anaerobic ones the later gasps. And, 
as in the variation of discharge time ivith age, the differences in discharge time 
with changing carbon dioxide tension reflect only the duration of the anaerobic 
series of gasps. 

The effect of h5T3ereapnia without anoxia was tested by placing similar rats in 
atmospheres of carbon dioxide and ox^^gen. With increasing carbon dioxide 



Fig. 2. Showing the efifect of various carbon dioxide concentrations on discharge time 
of untreated ll-daj' old rats placed in Oj-free atmospheres. Each bar represents the mean 
value from 20 animals placed in the indicated N.-COj mixture. Lowest t value is 30. 
The shaded bar indicates discharge time for the comparable isolated bead preparation. 

concentration, up to 35 per cent, no gasps were evoked, even on prolonged ex- 
posure. Higher concentrations of carbon dioxide produced erratic gasping 
patterns and death. Since concentrations of this magnitude markedly decrease 
the oxx’genation of the blood and interfere with tissue oxidations, a factor of 
liypoxia cannot be eliminated. It is obvious that hj'percapnia alone has little 
alhlity to produce gasping. Anoxia supplies the main drive and CO 2 concentra- 
tion modulates it. 

^ To determine the site of action on the gasping reflex, a preparation was de- 
I iscd uheiebj the chemical environment of the carotid chemoreceptors and that 
of tiic respiratory center could be varied independentlj’. This involved per- 
fusing the carotid bodies, isolated from the main vascular sj’’stem, with the circu- 
lation from another animal, similar to the method of Heymans, et al. (8). Two 







362 


EOBERT D. TSCHIRGI AITO B. W. GEEAED 


male rats were anesthetized mth ehloralose. Both carotid forks of one were 
isolated and perfused by blood from and returning to the carotid arteries of 
the second (fig. 3). Since the respiratory center is chiefly supplied by the 
vertebral and spinal arteries, ligation of the common carotid arteries of rat 1 
caused little impairment of medullary circulation. Heparin (0.02 gram per 
kilo i.v.) was administered to rat 2 at the end of the operation. 

Rat 2 functions as a perfusion pump and also, since its own carotid bodies are 
intact and receiving their usual blood supplj^, as an indicator. When it gasps, 
the blood perfusing the carotid bodies of rat 1, as well as its own, is obviously 



Fig. 3. Diagram of the method used to perfuse the carotid body of one rat (white male 
200 grams) with blood from a similar animal. The common and internal carotid arteries 
were cannulated with polished hypodermic needles and rubber tubing was used for con- 
nections. Rat 2 is heparinized to prevent coagulation. The T-tube tracheal cannulae 
lead to valves by which different atmospheres can be administered. 

capable of initiating the gasping reflex. A desired gas mixture was administered 
to each animal from a rubber bag attached to a T-tube in the trachea with ap- 
propriate one-way valves. 

The results of such experiments are summarized in table 2. It is clear that 
CO 2 stimulation of the carotid body cannot initiate gasping unless the neural 
centers are anoxic. Converseb’^, with an anoxic center, the full potentiation b} 
CO 2 can be obtained when this acts onty on the carotid sj^stem. Thus, in the 
simple inhalation experiments, 35 per cent CO 2 increased discharge time 129 
per cent; and, in the perfusion experiments, 35 per centC02, acting onl}'' on the 
carotid bod}^ increased it 141 per cent. 
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Discussion. Although gasping has little or no function in normal respiration 
of the mammal, it nevertheless provides an index of neurone activity. As 
such, and because of its unique ability to distinguish functionally between 
glycolytic and aerobic oxidations, the technique described may prove useful 
in investigating the metabolism of the respiratory center. Although the animal 
is in extremis when gasping is observed, the conditions are probably still more 
ph 5 '^siologic than with in vitro methods. 

An analysis of gasping is of value not onlj"^ in relation to the use of this phe- 
nomenon as an indicator of metabolic activity, but also in relation.to respiratory 
control. Respiratory movements of fish, consist of little more than gasps, 
indicating the primitiveness of this response. Lumsden has described (9) 

TABLE 2 

ShozBing the effect of perfusing the carotid bodies of rat 1 with blood from rat 2 
tvhen each ammof fs inhaling a different atmosphere 
Gasping of rat 2, when it inhaled N« or N:-CO«, indicates that the carotid bodies of rat 1 
wore sufficiently stimulated to evoke gasping. Nj = 100% N 2 -CO; = 65% N2-35% CO 2 . 
N2-C02 is referred to as asphyxic. Four experiments were done at each inhalation pattern. 
Bracketed figures give the range of the four results. 


IKBALED OAS * | 

CONDITION OF ItAT 1 

RESPONSE 

OF RAT I 

Rat 1 

Rat 2 

Carotid body 

Respiratory center 

Number of gasps 

Discharge time 

Air 

N 2 

Anoxic 

Normal 

0 

sec^ 

Air 

Na-COz 

Asphyxic 

Normal 

! 0 


Nj 

Air 

Normal 

Anoxic 

0 


N 2 -CO 2 

Air 1 

Normal 

Asphyxic 

0 


N 2 

N 2 

Anoxic 

Anoxic 

5 (t-7) 

16.5 (14-19) 

jNi s'COa 

N 2 

Anoxic 

Asphyxic 

6 (5-7) 

I 15.0 (12-lS) 

N 2 

N 2 -CO 2 

Asphyxic 

Anoxic 

1 

12 (10-14) 

[ 40 (35-42) 


a primitive gasping center located in the medulla and unresponsive to changes 
in carbon dioxide tension. It is possible that the carotid-mandibular reflex 
measures activity of this center, released as more recent centers succumb to 
anoxia in a reveme phjdogenetic order (10). The alternative hypothesis that 
anoxia stimulates the central mechanism would seem to be contraindicated by 
the body of eiddence against direct anoxic excitation of the respiratory center 
( 11 ). 

Two factoi-s are necessaiy for the appearance of the carotid-mandibular reflex; 
anoxia of the respiratoiy centers, and stimulation of the carotid chemoreceptors. 
Potentiation of the response bj'' carbon dioxide acting on the carotid end organs 
is probably due merely to stronger afferent bombardment of the medullary cen- 
ters. 

Preliminary work indicates that the variation of response time with age is a 
function of the central neurones and not of the carotid body. 
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■ SUMMARY 

Gasping of the severed rat head has been used by several workers as an index 
of activity of medullary respiratory centers. Present experiments establish 
the reflex character of gasping in several types of anoxia and locate the actions 
of anoxia and hj’^percapnia in the reflex arc. 

After decapitation, cyanide administration, or inhalation of oxygen-free gas 
mixtures, gasping occurs when the cai'otid bodies remain functionally con- 
nected Avith the medulla but is entirely absent when they are disconnected. 
Gasping is terminated by central failure, for the carotid receptors discharge 
long after gasping ends, and the lingual-maxillary reflex (engaging the same 
efferent arc) also outlasts it. 

Discharge time (from first to last gasps) decreases AAdth age. For 11-day rats 
inhaling pure nitrogen, it averages 142 seconds, as compared with 200 after 
decapitation. Addition of CO 2 to the N 2 (but not to O 2 ) increases discharge 
time, to a maximum 320 seconds at 35 per cent CO 2 . That the prolongation 
depends on anaerobic processes is shovm b}’' the ability of iodoacetate to cut 
discharge time to 25 seconds, whatever the CO 2 concentration. 

By “perfusing” the carotid bodies of one rat Avith the blood of a second and 
varying independently the gas inhaled by each, the medullary centers and the 
carotid bodies of an animal AA-ere exposed to different conditions. Anoxia both 
of the brain and the carotid body must be present for gasping to occur. The 
potentiating action of CO 2 is exclusively’’ on the carotid body. 

These findings, AA’hile establishing important peripheral factors in the gasp 
response, do not A'-itiate its use in inA’-estigating the action of central neurones. 
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During a series of experiments designed to study the reflex sweating patterns 
induced by application of intense radiant heat to a relatively small area of 
skin, marked differences were observed in the size of sweat spots in the areas 
of highest and lowest temperatures (fig. 1). Sweat spots in the heated areas 
were distinctly larger and darker than those in adjacent, peripheral areas, indi- 
cating much greater sweat secretion by individual glands in the areas of high 
temperature. The smaller, lighter spots in the periphery were quite comparable 
in appearance to those elicited during normal reflex sweating. Sweat spots 
comparable in size to those in the area of high temperature are seldom observed 
in normal sweating except in specific areas of the body (axilla, etc.), or under 
conditions of maximal stimulation (very hot tub-bath or stimulation by cho- 
linergic drugs, Randall, 1946). 

Such marked differences suggested the possibility of differential responses 
of individual sweat glands to direct heating and to stimulation b}’- reflex paths. 

In order to investigate further this profuse sweating response of individual 
sweat glands, an apparatus was constructed to heat a small localized area with- 
out directly heating surrounding areas. The apparatus consists essentially of 
a loop of high resistance chromel wire through which a low voltage, alternating 
current could be passed. This unit is housed in a tube of about 1 cm. diameter 
which in turn is covered bj'^ several thicknesses of asbestos insulation. When 
this apparatus is brought into position over the test area, a region about 10 
to 20 mm. in diameter is warmed to a high temperature while surrounding areas 
remain relatively normal. A temperature difference of 10 to 15 degrees C. 
on the skin surface may thus exist within a distance of 5 to 15 mm. This unit 
is in series with an adjustable transformer so that the voltage could be i-egulated 
and the amount of heat directed onto a small, sharply localized area of skin easily 
controlled. Individual sweat gland responses were recorded on paper according 
to a method previously described (Randall, 1946). Briefly, the method involves 
the starch iodine reaction at each sweat pore when a small droplet of sweat in 
the pore places iodine (painted on the skin) and starch (in a sheet of bond paper) 
in solution, resulting in a definite bluish-black spot on the paper. The duration 
of exposure of the paper o\'er the skin was 20 seconds and exposures were made 
at 30 second or 60 second intervals. 

1 cmperaturcs at the skin surface were recorded from copper-constantan 
junctions in holders especially constnicted to permit noi-mal evaporation and 
radiation heat loss from the skin even though the thermocouples were held in 
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firm contact with the skin. The holders were constructed out of polystrene bars 
(5 cm. X 1 cm. x 0.5 cm.), one end of which was forked. The unshielded thermo- 
couple junction was stretched across this fork and held in firm contact with the 
skin surface without obstruction of heat loss, by taping the body of the holder 
to the skin. The points of the fork across which the junction ivas fixed extended 
a few millimeters below the body of the holder to further insure firm contact 
with the skin. 



Fig. 1. Contrasting sweat responses in the center and around the periphery of a locally 
heated area. Broken line encircles approximate region of high temperature with highest 
temperatures attained in area of large spots. Calibration numbers in centimeters. En- 
larged photograph of original record retouched with india ink for purposes of reproduction. 

In many experiments in which considerable sweating was observed during the 
control period an initial inhibition of sweating was noted immediatel}'^ after 
turning on the heat. This was not always noted howei^er and was not noticeable, 
of course, when the heat was turned on during a low point in a cycle of sweating 
or when no sweating was evident during the control period. Ordinarilj^ a shoit 
dela 3 ’' of 1 to 2 minutes (range of 1 to 8 min.) preceded active secretion of sweat 
glands following application of heat. During this pei'iod of delaj’’ the tempeia- 
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ture on the skin surface rose quickly to' temperatures considerablj^ in excess 
of those normally occurring even in hot environments (range from 39 to 45°C). 
Since the couples were necessarily placed on the surface, however, the high tem- 
perature was attained here somewhat before the gland cells themselves were 
heated at sorne distance below the skin surface. This factor alone ma 3 ' explain 
in large part the delay in sweating responses behind the rise in surface tempera- 
ture. 

Following this dela 3 ’^ a few very large, dark sweat spots appear in the area of 
highest temperature with little or no sweating on adjacent areas. Sometimes 
smaller sweat spots may be noted briefly on adjacent areas (fig. 1) but as long 
as the temperature of these areas remains low, and the local heating is not ex- 
cessively painful, sweating does not persist except for the normal C 3 mlic periods 
of activity. Sweating increases in intensit 3 ’' in the locally heated area and is 
marked by increasing numbers of large droplets (which appear on the record 
as large, dark spots, indicating excessive output by the individual glands). 
Cyclic activity in this area is depressed or obscured by the profuse sweating 
and many glands appear to be continuously active for the duration of the ex- 
posure to heat. If excessive heating is prolonged, 70 to 80 per cent of functional 
sweat glands in the area may be stimulated, but it was usuall 3 ’’ observed that 
the primary response to direct local heating was an increased output of individual 
glands rather than stimulation of a maximum number of glands. 

When the heat was turned off both the size and number of sweat spots imme- 
diately decreased as local sweating declined more or less progressive^ vith the 
fall in surface temperature. Sweating then disappeared when the skin tempera- 
ture was still a few degrees above the starting noi-mal. It ma 3 T be suggested 
therefore that a critical temperature exists above which direct, locally induced 
sweating occurs and below which it does not occur. This critical temperature 
is several degrees above that necessar 3 '' to induce sweating b 3 '’ reflex, when heat 
is applied to a larger surface area. 

Figure 2 demonstrates this local sweating response to concentrated heat 
on the forearm. Note the relationship between sweating and local surface 
temperature. The fact that sweating is present at lower temperatures as the 
area cools compared with the period of heating is probabty related to the insula- 
tion and heat storage capacities of the skin. In one experiment the subject 
complained of very severe pain during the heating period and sweating appeared 
diffusely spread over the heated and adjacent non-heated areas alike, simulta- 
neousl 3 ’' with the development of the severe pain. The rapidit 3 ’- of onset of this 
sweating together with the smaller and more discrete character of the sweat 
spots identified this response as purely reflex in nature, and contrasted with the 
delayed appearance of large sweat spots confined to the heated area. 

In a few experiments it was noticed that after prolonged exposures to such 
local heat (at temperatures well above 40°C) sweating continued for as long as 
several houi-s in the central area of highest temperature. Such sweating con- 
tinued in spite of the fact that skin temperatures retunied to normal. In some 
experiments, the temperatures of these local areas were reduced several degrees 
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belo^v the starting normal temperatures by application of ice-filled containers, 
without abolition of the persistent local sweating. In all such experiments* 
damage to the skin was evidenced later by the appearance of local edema and 
blister formation. In fact, after some experience the experimenter could predict 
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Fig. 2. Experiments demonstrating sharply localized response to local radiant heat on 
forearm. Records of 20 second duration taken at 30 second intervals. No sweating was 
present during first five minutes of control period, and successive records starting at sixth 
minute show development and regression of individual gland responses (individual sweat 
spots) during and following heat application. Enlarged photograph of original records 
retouched for purposes of reproduction. Skin surface temperatures of heated area shown 
in upper left corner of each record. 


skin damage b}'' excessive heat, even before blister formation was evident, by the 
persistence of local sweating. 

Kuno (1934) reported that the irritability of the ‘‘sweat mechanism” in- 
cluding the centers in the central nervous sj’'stem varies seasonally, probably 
involving processes of acclimatization. To our knowledge, however, there is no 
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evidence that such changes in critical temperatures of individual glands to direct- 
effects of heat occur. Table 1 summarizes the protocols of a number of experi- 
ments in which the skin temperature was rapidly elevated until local sweating 
was established. Since the temperatures were recorded from the skin surface 
rather than at the precise depth of the sweat glands, it is not advisable to con- 
sider the values as trae threshold temperatures, and as indicated above, threshold 
values appear to lie at somewhat loiver levels. The data do indicate however 
that such threshold levels of stimulation do exist. This is demonstrated clearly 
in subject Smi (2/7/47) where in successive experiments sweating failed to 
appear when the surface temperature was maintained at 41.15 to 41.85°C for 


TABLE 1 


SUBJECT 

BATE 

STARTING SKIN 
TEMPERATURE 

TIME TO INDUCE 
FIRST 

LOCAL SI\*EATING 

SKIN TEMPESATURE AT FIRST LOCAL 

1 SWEATING 

Slo 

5/3/46 

°c 

. 34.25 

1 min. 40 sec. 

42,6 — Room temperature 23-30° in 

Slo 

5/6/46 

33.10 

1 min. 

j 42 .2 all summer experiments 

Slo 

5/7/46 

33 .30 

j 2 min. 

41 .0 


Ha 

5/4/46 

, 33 .15 

1 min. 30 sec. 

43 .2 


Ra 

5/3/46 

32.9 

2 min. 

42.6 


Ra 

5/18/46 

32 .2 

3 min. 30 sec. 

39.6 


Ra 

5/22/46 

32.0 

1 min. 30 sec. 

45.5 


Ra 

5/20/46 1 

31.5 

1 min. 30 sec. 

43.7 


Ra 

5/20/46 1 

32 .05 

2 min. 

38.4 


Ra 

6/22/46 

34.1 

2 min. 30 sec. 

45.35 


Ra 

6/6/46 

33 .8 

6 min. 30 sec. 

42.9 — ^Temperature raised slowly 

Hal 

5/23/46 

33 .9 

8 min. 30 sec. 

45.5 — ^Temperature raised slowly 

Ri 

5/20/46 

31.2 

2 min. 

43 .8 Response delaj-ed several 

Ri i 

5/20/46 

32.7 i 

2 min. 30 sec. 

44.7 minutes after maximum 

Ri i 

5/20/46 

33.4 

2 min. 

44 .7 temperature had been at- 
tained 

Smi 

2/7/47 

30.2 

No sweating 

41 .85(maximum) 

16 .0 — ^Room 

Smi 

2/7/47 

31.2 

2 min. 40 sec. 

42.7 ! 

17 .0 Temp. 

Ra 

2/7/47 

30.0 

1 min. 40 sec. 

44.2 

17.0 

Ra 

2/7/47 

30.1 

1 nun. 30 sec. 

41 .4 

16.0 

Ri 

2/25/47 

31.7 

1 min. 30 sec. 

44.8 

25.5 

Deo 

2/24/47 

32 .0 

1 min. 

44.3 

21 .0 


6 minutes, but sweating did occur in a subsequent experiment as soon as the 
surface temperature reached 42.7°C. 

Considerable variation in temperatures at which sweating may first occur, 
even in the same individual at different times, is indicated. These variations 
possibly may be referable to differences in temperature at the precise level of 
the contractile elements in the sweat glands. 

Thus it is not possible to say that small changes in the threshold temperature 
at whicli sweat glands respond to direct stimulation do not exist in the general 
acclimatization of the sweating mechanism from summer to winter, but it ap- 
pears from table 1 that if such changes do occur they are relatii'ely small. It is 
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likewise impossible to explain relatively large differences in so-called thresholds 
Csuch as are apparent in subject Ra) at different times. It is evident however 
that the range of such variations are similar in the summer and winter experi- 
ments. If temperatures are raised more slowly sweating may occur at a some- 
what lower tempeiature, but this is probably directly related to the temperature 
gradients induced and even in these experiments a threshold temperature must 
be reached before sweating occurs. 

Evidence thus far presented indicates that the sweat glands will respond to 
directly applied heat, but the possibility of a sharply localized reflex arc is not 
completely ruled out. From the diffuse type of response observed in experi- 
mentally demonstrated reflex sweating (Randall, 1947) it is difficult to reconcile 
such sharply localized sweating (with complete absence of sweating in adjacent 
areas in some experiments) to anything but a direct response of the glands. 

To check this, normal sweating was abolished in a small area (about 15 mm. 
diameter) by iontophoresis of atropine (pad soaked in 10 cc. of solution con- 
taining 1 mgm atropine, 2 ma for 2 to 5 min.) while sweating continued in all 
adjacent areas. Application of heat to the opposite arm caused excessive sweat- 
ing on the normal, adjacent areas but no sweating in the atropinized area. 
Heat "was then applied directly to the atropinized area. Although in no in- 
stance did sweating appear as pronounced in the atropinized area as in the ad- 
jacent tissue, a large number of glands w^ere activated at about the same surface 
temperature as shown to be required to produce local sweating. Thus although 
reflex impulses were blocked entirety by atropine, some sweat glands in tire area 
responded to, direct application of heat. Similar results -were observed when nor- 
mal reflex sweating was abolished by intradermal injection of 2 per cent procaine, 
that is application of intense radiant heat to the wffieal resulted in sweat responses. 

Finally, the local sweating response to heat may remind one of the local re- 
sponse to faradic stimulation reported by Wilkins, Newman and Doupe (1938) 
and by Bickford (1938). These workers suggest that the local response to 
faradic stimulation represents an axon reflex mediated through postganglionic 
sympathetic fibers. It seems doubtful, however, that local heating as emplo 3 Td 
in the present experiments could act as a direct stimulant comparable to faradic 
stimulation. Further, the local sweating response to intense heat was not abol- 
ished (although it wms decreased) by atropine and procaine. Such observations 
made on human skin agree wdth those of Saito (quoted bj'^ Kuno, 1934) who 
obtained sweating bj'’ "warming the pads of the cat’s foot even though the innerva- 
tion had been sectioned three to six w'eeks before. 

These observations would indicate therefore, that the profuse response of 
sweat glands to local radiant heat of high intensity is a direct one. The threshold 
temperatures at which this direct stimulation occurs is considerably higher 
however than those encountered under normal circumstances. 

SUMMARY 

Using a method designed to investigate activity of individual sweat glands, 
the sweating responses to locally applied radiant heat were studied, ^hen 
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the temperature at the skin surface was rapidly elevated to high levels (39 to 
45°C), large dark sweat spots appeared in the heated area, indicating excessive 
sweat responses by the indi\adual glands. These spots contrasted sharply in 
size with those induced by normal reflex stimulation. A definite threshold 
temperature appears to exist, above which a direct response to local heat may 
occur and below Avhich it does not occur. This threshold appears to lie within 
a rather AAade range of temperatures and the range of variation does not appear 
significantly different in summer and winter. Pharmacological evidence is 
presented to suggest that the profuse sweating response of individual glands to 
extreme temperatures is a direct one in contrast to the usual diffuse reflex re- 
sponse. 
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In 1939 it was reported that human urine contains a substance which, on 
intravenous injection in dogs, inhibits gastric secretion (1, 2, 3). At first this 
gastric secretoiy depressant named urogastrone was believed to represent renally 
excreted enterogastrone, an inhibitor of gastric secretion fonned by the mucosa 
of the small intestine (4). However, it was shown that the removal of either the 
stomach or the duodenum did not eliminate the active substance in the uiine (5) 
and even completely enterectomized dogs still produced urogastrone, although 
the output was less than normal (6). Later reports pointed out some chemical 
and physiological differences between urogastrone and enterogastrone (7). 
Nevertheless, the possibility still exists that part of the gastric secretory depress- 
ing activity of urine maj’’ be due to a chemicall}’’ altered excretion product of 
enterogastrone. 

Urogastrone was also found to differ in many respects from the anterior pitui- 
tarj-^-like hormone (8) as well as from estrogen (9), pituitrin (10), kallikrein (9) 
and anthelone (8, 11) which likewse may be extracted from urine. 

Although demonstrated first in human female urine (8), urogastrone ma3' also 
be obtained from the male (2). Dogs’ urine extracts exert a similar influence. 

The problem that presented itself for investigation was the possible correlation 
between the content of urogastrone in the urine and the function of some of the 
endocrine glands (8, 11,20). 

IMethod of Study. Extracts have been prepared from the urine of dogs from 
which various endocrine glands have been extirpated as well as from urine of 
normal animals. 

Twentj'-six female dogs, divided into the folloulng six series, were used, and 
between 60 and 150 liters of urine were obtained from each series: 12 normal 
(urine collected separately from 2 equal groups), 6 oophorectomized, 6 thjToidec- 

* Aided in part by a grant from the Committee on Scientific Research of the American 
Medical Association and the Stewart Hamilton Research Fund, Detroit, Michigan. 
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tomized plus odphorectomized, and 2 hypopliysectomized (urine coUected sepa- 
rately from each dog). 

Oophorectomy and thyroidectomy were done in routine fashion under nem- 
butal anesthesia. Complete thyroidectomy was accomplished uith care to pre- 
serve the blood suppl 3 ’ of the parathjToids. 

The pituitary gland was removed by the transbuccal method (12, 13) . A small 
opening was made with a dental drill in' the avascular area of the roof of the 
mouth directlj^ underneath the sella turcica. ' 

The two hj^pophysectomized dogs each developed poljmria which lasted ap- 
proximatety three weeks. Collections of urine, were started one week after 
removal of the pituitary gland and were continued for about four months. 
Therefore, the total amount of urine collected from the hj^pophysectomized 
dogs did not exceed appreciably the quantity obtained from two similar normal 
dogs. Autopsies of these 2 dogs, performed approximately one year after the 
h 3 ^poph 3 '^sectomies, revealed that no portions of the pituitary were gross^v seen. 
Serial sections of 7 microns were prepared from the decalcified base of the skull. 
On the right side there were no pituitaiy remnants. On the left side, some de- 
generated pituitaiy cells, showing kaiyolysis, and eosinophilic cells were found 
lining the base of the pituitaiy fossa. Also a large number of red blood cells 
and old blood pigment were seen. These remnants according to Dr. Gabriel 
Steiner, Neuropathologist at Wayne I7niversit3’', were not important as to the 
functional activit 3 '' of the pituitary gland. The hypothalamus of each brain was 
also cut in serial sections and microscopicall 3 ’- did not show an 3 ’^ lesions. 

XJrogastrone was prepared b 3 ’- the procedure of Gra 3 q Wieczorowski, Wells and 
Harris (9), a modification of the Katzman-Dois 3 ^ method (14) of preparing the 
anterior pituitaiy-like hormone. The cnide extract amounting to 8-12 grams 
from each 100 liters of urine, was purified ghdng a 3 deld of 130-180 mgm. Doses 
of 1, 2 and 3 mgm. of the purified extract were administered intravenously in 1 per 
cent saline solution. In a few experiments larger amounts such as 5-10 mgm. 
were emplo 3 md. Gra 3 ’- et al. (9) previously standardized the urogastrone dose 
as that quantit 3 ’- producing 50 per cent inhibition of. the secretion of gastric 
juice. 

The G preparations of urogastrone, one from each of the previously mentioned 
series of dogs, (see second paragraph this section) were each tested for their effect 
on gastric secretion stimulated by histamine in both Heidenhain pouch and 
gastric fistula dogs. Four fistula and five pouch dogs were emplo 3 ^ed. With 
fistula dogs one could deal vfith much larger amounts of gastric juice excluding 
those experiments in which the secretion was contaminated by bile or saliva. 
One cubic centimeter of 1—1000 solution of histamine diphosphate- was injected 
subcutaneous^' in each test. The dogs fasted at least 24 houre before each 
experiment. 

As there are variations in the reaction to histamine not onb' in different dogs, 
but in one and the same animal at various times, it was decided to follow the 

= Parke Davis and Company. 
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procedure of Gray and his collaboratoi-s (9) and to take into final consideration 
only double histamine experiments. During the first period of the experiment, 
urogasti-one was administered intravenonslj'^ followed 10 minutes later bj’’ a sub- 
cutaneous injection of histamine. The gastric juice was then collected at 10 
minute intervals for a duration of 70 minutes and titrated for free and total acid- 
ity. Tliree hours later histamine alone was injected and the gastric juice was 
again similarly obtained and titrated. This constituted the second period of the 
experiment. In a number of instances the above periods were reversed. 

Urogastrone was administered more frequently in the first period of the double 
histamine experiments because, as will be seen below, wheii two experiments nith 
histamine alone were performed on any one day and on the same animal it was 
found that the second injection of histamine produced a smaller secretion than the 
first in more tiran half of the studies. 

Differences in secretion of ± 10 per cent or less between the two periods of the 
experiment were considered insignificant as slroving neither stimulation nor 
inhibition. 

Results. In 28 double experiments ■with histamine alone on gastric fistula 
and pouch dogs 11 gave a more abundant volume of secretion after the first 
injection than after the second, 8 produced a greater flow of jrrice after the second 
and 9 showed no significant differences between the two collections. The average 
difference in output of free HCl expressed in millequivalents (mE) between the 
response to the first and second introduction of histamine was less than 10 
per cent. 

In accordance with previous reports urogastrone prepared from normal dogs 
inhibited gastric secretion in the majority of experiments. Diminution of the 
volume of gastric juice occurred in 31 out of 47 experiments or 66 per cent, aug- 
mentation in 7 or 15 per cent, no important change in 9 or 19 per cent. Figures 
1 and 2 show the inhibitions and stimulations of the volume-secretion at 10 
minute intervals for a period of 70 minutes following administration of different 
urine extracts, as compared to the 100 per cent line representing control experi- 
ments vith histamine alone. These are the averages of 4 to 23 experiments for 
each of two dogs (one gastric fistula and one pouch). The secretion curve after 
introduction of urogastrone from normal dogs is for the most part below the con- 
trol fine. Tire acidity was also reduced after urogastrone injection but it did not 
always correspond to the diminished flow of gastric juice. In table 1, the means 
of the total o\itput of free HCl in mE are shown after the introduction of urine 
extracts followed by histamine and the per cent of inhibitions and stimulations 
arc indicated as compared to the controls with histamine alone. A statistical 
analysis consisting in the determination of the standard error of the mean is in- 
cluded. Doses of completely purified extract of 1-2 mgm. were employed. 

Tire extract prepared from urine of oopiiorectomized dogs was tested in 26 
experiments. Inhibition of volume of gastric secretion compared to liistamine 
alone on the same daj occuiied in 12 studies or 46 per cent, an increase in 9 or 
35 per cent and in 5 or 19 per cent no significant differences were obtained. In 
figure 1, injection of oopiiorectomized dogs’ extract produces an initial volume- 
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inhibition followed by a marked stimulation, thus the most abundant secretion 
is delayed as compared to that after introduction of normal urine extract or his- 
tamine alone. However, in figure 2 the volume-secretion is diminished with the 
exception of the first few minutes in relation to the control line and similar to the 
inhibition provoked by normal dogs’ urine extract. Reduced quantities of gas- 
tric juice usually but not always coincided with lower acidity of the samples. In 
table 1, the line corresponding to the oophorectomized dogs’ urine extract shows 
no inhibition of the output of free HCl in mE from an average of 26 experiments 
as compared to the controls, but a slight stimulation (11 per cent). The differ- 
ence of the response to histamine plus normal urine extract and histamine plus 
oophorectomized urine extract w'as tested for significance by standard procedures. 

TABLE 1 


Statistical analysis of gastric secretion 


EXTEACTS OF DOGS’ ORINE 

TOTAL OUTPUT OF FUEE HCL IN GASTRIC 
JXnCE AFTER EXTRACT PLUS HISTAMINE 
ADMINISTRATION 

DIFFES- 
ENCE OF 
MEANS m 
mE AS 
COM- 
PARED TO 
EFFECT 
OF NOR- 
MAL 

EXTRACTS 

STAN- 
1 DARD 
ERROR 
OF THE 
DIFFER- 
ENCE OF 
THE 

means 

CRITICAl 

RATIO 

PROBA- 
BILITY OF 

differ- 
ences BY 
CHANCE 
IN 100 

Mean mE 

Per cent 
inhi- 
bition 
as com- 
pared to 
control 

Per cent 
stimu- 
lation 
as com- 
pared to 
control 

Standard 
error 
of the 
mean 

Normal 

4.02 

(47 expts.) 

25 


0.573 



• 


OSphorectomized 

' 6.0 
(26 expts.) 

1 

11 

! 

1.19 

i 

' 1.98 

1 1.32 

1.5 

15 

Thyroidectomized 
plus oophorecto- 
mized 

4.0 

(27 e.xpts.) 

13 


0.71 

0.02 

0.912 

0.02 

50 

Hypophysectomized 

5.95 

(58 expts.) 


20 

0.71 

1.93 

0.912 

2.11 

4 


The critical ratio of 1.5 indicates that such a difference would be expected to occur 
by chance fifteen times in one hundred such experiments. 

If, in addition to the ovaries the thyroids were removed, the same inhibitory 
effect was produced as from extracts of normal dogs (table 1, figs. 1 and 2). In- 
hibition of volume-secretion occurred in 17 out of 27 experiments or 63 per cent, 
increase in 5 or 18.5 per cent and no difference in the remaining 5 or 18.5 per cent. 
The critical ratio related to the difference of the means of the total output of HCi 
proved to be extremely low (0.02), thus indicating no difference as compared to 
the effect of normal urine extract. Taking into consideration the diminution o 
urogastrone after oophorectomy alone, one is inclined to assume that the th} roi 
gland may inhibit the formation of inhibitory agents. Experiments are now 
under way to investigate this phase of the problem. _ 

The extracts prepared from the urine of tw'o hjTpophysectomized dogs inhi i e 






























XJROGASTRONE AFJteR REMOVAL OP ENDOCRINE GLANDS 377 

gastric secretion in onl}’- 6 out of 58 or a little over 10 per cent of the studies. But 
in 37 experiments or 64 per cent there was a marked increase in the volume of 
gastric juice, while in the remaining 15 or 26 per cent no significant difference was 
found. In figures 1 and 2, the dotted line related to volume-secretion of gastric 
juice after injection of hypophysectomized urine extract is the onlj^ one consist- 
entlj'- above the control line vdth the exception of the first 15 minutes when the 



Fig. 1. Fistula dog. Volume-secretion curves resulting from intravenous injections 
of different kinds of dogs’ urine extracts (urogastrone) on gastric secretion. 

100% line = Histamine control: Secretion after histamine injections alone based on 
average of 23 experiments. 

~ Secretion after histairune injection and normal dog’s urine extract. 

Average of 14 experiments. 

Secretion after histamine injection and thyroidectomized plus 

oophorectomized dog’s urine extract. Average of 6 experiments. 

“ . Secretion after histamine injection and oophorectomized dog’s 
urine extract. Average of 5 experiments. 

Secretion after histamine injection and hypophysectomized dog’s 

urine extract. Average of 9 e.xperiments. 

I'ariations are the greatest, thus indicating an increase of the secretion. Varia- 
tions in the acidity did not ahyays correspond strictly to the changes in volume 
of gastric secretion. Therefore, although the mE of HCl output were increased 
m the identical mmiber of experiments (37 out of 58), the number in which 
diminution or equality occurred were different. The augmentation of acid out- 
put amounted to 20 per cent (table 1). Quantities of 1-3 mgm. of the extract 
were employed in these studies. Wlien larger doses were administered (5-10 
mgm.) the increase in output of free HCI in mE rose to 27 per cent. The differ- 
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ence between the means of the response to histamine plus normal urine extract 
and histamine plus hypophj^sectomized dogs’ urine extract was also tested for 
significance by standard procedures, which revealed that such a difference would 
be expected to occur by chance only four times in one hundred such experiments 
(table 1). 

Thus, the normal dog has in its urine a gastric secretory inhibitoi’. However, 
when the pituitary gland is removed, the dog’s urine contains veiy little, if any, 



Fig. 2. Heidenhain pouch dog. Volume-secretion curves resulting from intravenous 
injections of different kinds of dogs’ urine e.xtracts (urogastrone) on gastric secretion. 

100% line = Histaming control: Secretion after histamine injections alone based on 
average of 13 e.xperiments. 

• Secretion after histamine injection and normal dog’s urine c.xtract. 

Average of 5 experiments. 

Secretion after histamine injection and thjuoidectomized plus 

oophorectomized dog’s urine extract, .\verage of 6 experiments. 

Secretion after histamine injection and oophorectomized dog’s urine 

extract. Average of 4 experiments. 

Secretion after histamine injection and hypophyscctomizcd dog’s 

urine extract. Average of 9 e.xperiments. 

of the gastric secretoiy depressant. "Wlren such an extract is injected into 
pouch or fistula dogs, an increase in the quantity of gastric juice is noted in the 
majorit}’^ of experiments. 

Discussion. The results reported in this paper indicate that urogastrone 
obtained from normal urine and recognized as a gastric secretory inhibitor is also 
present when both the thyroids and ovaries are removed. There appears to be 
less urogastrone when the ovaries alone are extirpated. However, if the pitui- 
tary is removed the depressant is markedly diminished, if at all present, and in a 
large majorit 3 ^ of experiments there xvas an actual increase in gastric secretion 
following administration of the urine extract prepared from the hj^poph^xsecto- 
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mized animals. This increase raises the question whether vdth a disturbance or 
removal of the pituitarj^ gland, factore come into greater plaj^ which augment the 
action of gastric secretoiy stimulants. Some confirmation of the relationsliip of 
the h 3 ^poph 5 ^sis to gastric secietion maj’- be inferred from the recentlj^ published 
report of Ungar (15) concerning the inhibition of histamine release bj^ a pituitarj^- 
adrenal mechanism in the blood of normal rabbits mixed with peptone in vitro. 

These experimental studies are closelj-- related to some clinical observations on 
the role that the gonad mechanism pla^-s in human peptic ulcer. Pregnancj'- has 
a decisive ameliorating effect, whereas the menopause aggravates the conditions 
(8). Persons suffering from ulcers not infrequentl.y show endocrine abnormali- 
ties (8). Before pubertjq though rare, peptic ulcer exhibits no sexual difference 
in frequenej^ (8, 19). Urine extracts of women, both normal and pregnant, have 
a definite prophylactic, therapeutic and “immunizing” effect on Mann-William- 
son ulcer in dogs (11, 8, IG, 17). It ma.y be that in the female the mutual inter- 
relations between the pituitary and ovaries during the active sex life and par- 
ticularlj'- at the time of pregnancies, favor the formation of factors protecting 
against the development of ulcers. The greater frequenci’- in men maj^ be due 
to a poorer development of these agents. 

It is premature to conclude from the data herein presented that the pituitarj' 
gland is plajdng a decisive role in the regulation of the ulcer protective factors 
present in urine, since the relationship between urogastrone (the anti-acid factor) 
and anthelone (the anti-ulcer factor) is still uncertain. However, our studies 
appear to indicate that the hypophj'sis is somehow related to urogastrone ex- 
cretion. 

Normal urine contains among other factors pituitrin, which also inhibits gastric 
.secretion (IS). Gray et al. (10) however, differentiated pituitrin from urogas- 
ti'one by a comparison of their effects on gastric secretion and motility, urine 
excretion and blood pressure. They came to the conclusion that the two 
principles are different entities. Because of the marked differences in their 
effects on gastric motility, urine excretion and blood pressure (10), it is probable 
that, urogastrone does not contain pituitrin. If might be reasoned therefore, 
that the elimination of pituitrin from the urine by hypophysectom^'- does not 
explain the different effect on gastric .secretion obtained with extracts from 
normal and lypophj'sectomized dogs. 

STOIMARV 

1. Extracts prepared from the urine of normal dogs (urogastrone) inhibit gas- 
tric secretion and decrease the acidit y of gastric juice in the majoritj^ of the studies. 

2. Urogastrone made from th.vroidectomized plus oophorectomized dogs exerts 
iicarl}' the same inhibitorj’ influence as urogastrone procured from normal ani- 
mals. However, when the ovaries alone are removed, the depressing effect of the 
extract is less marked than that of normal urogastrone. 

3. Hypophysoctomized dogs do not produce urogastrone in adequate amounts 
to diminish gastric secretion, as is the ca.se uith urogastrone from normal dogs. 
On the contrary, urine extracts of such animals increase the quantity and the 
acidity of the gastric juice secreted after hi.st.aminc injection. 
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4. A statistical analysis of the experimental data supports the conclusion that 
the pituitary gland plays a role in the formation or excretion of urogastrone. 

Grateful acknowledgment is made to Dr. Gabriel Steiner for liis examination 
of the hypothalamic regions of the brain and the decalcified bases of the skull. 
Also to Dr. A. C. Ivj’- of Northwestern Universit 3 ’- and his staff for their assistance 
in the statistical analysis of the data contained in this paper and to Doctor Thor- 
stad and others of Harper Hospital for valuable surgical assistance in the early 
phases of this study. 
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Addendum 


Science 


Additional studies were recently performed with an urine extract prepared from another 
series of dogs hypophysectomized by the transtemporal instead of the transbuccal method. 
When this extract was administered during the first period of the double histamine e.xperi- 
ment in all but one of 15 experiments an increase of the total output of free HCl in mE was 
noted (average 137 per cent stimulation) as compared to the controls. However, when 
the extract was administered in the second period in another 15 double histamine experi- 
ments, an increase was noted in 4 studies, a decrease in 8 and no significant change in 3, the 
average not differing more than dblO per cent from the controls (Federation Proceedings, 
vol. 6, no. 1, p. 140. March 1947). The results will be presented in a subsequent com- 
munication. 
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During the past few years increasing attention has been given to the structure 
of prothrombin and several conflicting views have arisen. Quick (9) in 1943 
postulated the existence of two factors, designated as components A and B. The 
former decreased in hum an -oxalate d stored plasma, while component B decreased 
in aAdtaminosis K and after dicvunarol poisoning. It could moreover be removed 
from plasma by adsorption with aluminum hydroxide. Several investigators, 
particularly Lavergne and Lavergne-Poindessault (3), and Imomis and Seegers 
(4) disagree vath the concept of a dual nature of prothrombin and they explain 
the decrease of protln-ombin activity in stored plasma as due to an alteration of 


fibrinogen. 

The present study was begun wit.h the purpose of standardizing the tcch.nique 
of adsorbing prothi-ombin mth aluminum hydroxide (G) and with calcium phos- 
phate, Ca 3 (P 04)2 (I). It soon became apparent that the study had to include a 
quantitative estimation of the fibrinogen removed by these adsorbents and also 
an inquiry as to the nature and action of the plasma factor which disappears on 
storage. 

Adsorption of Froihremhin and Fibrinogen hy Alwninum Hydroxide and Trical- 
chm Phosphate. Reagents. Two-tenths mole aluminum hydroxide suspension. 
This stock solution was analyzed gravimetrically after heating a fixed amount to 
constant weight. 

Two-tenths mole tricalcium phosphate stock .suspension rvas used. 

Technique for adsorption experiment. A measured quantity of either aluminum 
hydroxide or tricalcium phosphate was transfennd to a test tube and then centri- 
fuged. The supernatant water was poured off and the tube drained. A meas- 
ured volume of oxalated plasma was then added thoroughlj’f mixed with the 
adsorbent, and incubated at 37°C. for 10 minutes. The adsorbent was removed 
by high centrifugation in an angle centrifuge. The clear plasma was used for 
the studies recorded in tables 1 and 2. 

Determination of prothrombin time. The one-stage method of Quick (8) Avas 
used. 

Determination of fihnnogen. The technique given in Quick’s hlonograph was 
followed except that a photoelectric colorimeter was used. 

Treatment of plasina with aluminum hydroxide affected the prothrombin time 
(as measured by Quick’s method) and partially removed fibrinogen. When a 


1 Fell^ of the Guggenheim Foundation. Permanent address : Laboratorio 
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TABLE 1 


The effect of increasing concentration of aluminum hydroxide on the ‘prothrombin time and 
on the adsorption of fibrinogen from oxalated dog, rabbit and human plasma 



1 

riBRiNOGEN 
GM. PER 100 1 
CC. PLASMA j 

PERCENTAGE OF FIBRINOGEN DECREASE 
\nTn CONCENTRATION OF ALUMINUM HYDROXIDE 

. .. _ 

0.0 





O.OS M 

0.02 M 

0.5 M 

Dog 

Mi 

■1 

1 

10.3 { 

15.0 

11.5 

12.2 

20.0 

59.9 

100 

Rabbit 

Blil 


9.0 

13.2 

14.2 

19.6 

33.0 

74.2 


Man 

m 

m 

10.2 

14.2 

17.4 

26.0 

38.0 

72.0 


Prothrombin time in seconds 

Dog 

1 

1 

5.7 

6.6 

16.2 

m 

MM 

150.0 

No clot 


Rabbit 


5.8 

7.1 

15.0 



128.0 

No clot 


Man 


12.3 

1 

17.4 

47.6 

B 


320.0 

No clot 



The values given for fibrinogen and for prothrombin time are averages from 6 to 11 
specimens of plasma. 

* Several specimens of human plasma failed to clot after treatment with as low as 
0.025 M A1(0H)3. 


TABLE 2 


The effect of increasing concentration of calcium phosphate on the prothrombin time and on 
the adsorption of fibrinogen from oxalated human and dog plasmas 


hitman 

PROTHROMBIN TIME (SEC.) 

(concent. Cas (PO«)j used) 

PERCENTAGE OF FIBRINOGEN DECREASED 

(concent^ Ca2{PO<)5 used) 


0.005 M 

0.01 M 

0.015 M 

0.02 M 

0.2 M 

0.015 M 

0.02 M 

0.16 M 

0.2 Jr 

1 

70 

no clot 


no clot 

1 

no clot 


11.8 


32.2 

2 

45 

no clot 


no clot 

no clot 


12.7 


30.3 

3 

185 



no clot 

no clot 


5.6 


36.2 

4 

34 


no' clot 

no clot 

no clot 


1.5 


28.3 

5 

46 

^B^B 

no clot 

no clot 

no clot 


0.0 


26.2 

6 

50 


no clot 


no clot 


6.1 


32.0 

Average 

71 

113— 



no clot 


6.2 


30.8 



no clot 

no clot 

no clot 






DOG 





j 





1 

33 

230 

230 

no clot 

no clot 

6.4 

0.0 

24.5 

40.5 

2 

25 

233 

280 

no clot 

no clot 

14.4 

9.7 

30.5 

19.3 

3 

25 

265 

no clot 

no clot 

no clot 


7.8 


46.0 

4 

30 

no clot 

no clot 

no clot 

no clot 


0.0 


28.8 

5 

43 

no clot 

no clot 

no clot 

no clot 


30.2 


54.0 

6 


no clot 

no clot 

no clot 

no clot 


1.5 



7 


no clot 

no clot 

no clot 

no clot 


13.6 



Average 

31.2 


230— 

no clot 

no clot 

10.4 

8.9 

27.5 

37.7 




no clot 
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small amount of alumina was used (O.OIM) for the treatment of fresh human 
plasma, the prothrombin time was 158 seconds and the loss of fibrinogen was 17 
per cent. With higher amounts of alumina, completely incoagulable plasma 
could be obtained, but such plasma lost GO per cent 1,o 70 per cent of its fibrinogen. 

By using tricalcium phosphate instead of aluminum hydroxide, it is possible 
to obtain human and dog plasmas that do not clot, yet have lost only 0.2 per 
cent to 8.9 per cent of their fibrinogen. The lalter reagent is therefore preferable 
to aluminum hydroxide. 

/I chon of iricakmm phosphate on plasma from (UcumaroUzed animals. It is in- 
teresting to note that 192 hours after the iuiection of a single dose of dicumarol, 
when the prothrombin time of the plasma had ret urned presumably to the normal 
(6.5 sec.) the response to tricalcium phosphate was strikingly difTerent from that 

TABLE 3 

The effect of increasing calcium phosphate concentration on the prothrombin time of plasmas 

from dogs injected with dicumarol 

rROTnROiiniN time (sec.) 

CONCENT. . — 

Cai(PO»)2 noURS after DICOUAROLt 

•DSED 

24 48 % 120 ] 192 

0.0 12 18 1C. 5 15 

O.OOOIM 11 17 

0.0005M 13:5 21 1C 

O.OOIM 16.5 35 S5 05 

0.002M 300 no clot no clot 

0.003M no clot 

0.004M 
0.005M* 

* The normal value for 0.005M is 31 seconds, 
t A single dose of dicumarol, 5 mgm./kgm. of bodj^ weight was injected intravenously. 

of normal plasma (table 3). For examine: noi-mal dog plasma treated with 
0.005M calcium phosphate lias a prothrombin time of 31 seconds, jmt the plasma 
of the dog recovering from dicumarol poisoning did not clot after such tiuatment. 

While the prolongation of the prothrombin time is due to a decrease of pro- 
thrombin (2), (7), a return to complete normality after dicumarol cannot ap- 
parently be conclusively estalilished by the prothrombin time determination. If 
one assumes that the amount ol calcium phosphate needed to obtain a non- 
coagulable plasma is in dii ect proportion to the amount of prothrombin present, 
one must conclude that ei^en though the dog recovering from dicumarol poisoning 
shoAVs a norma] prothrombin time, he actually has less than 100 per cent pro- 
thrombin pi-esent iji his blood. 

Prothrombin Factors A and B Studied with Aluminum Hydroxide. Prothrombin 
time recovery in stored human plasma on addition of fresh fihrinogen-frcc human 
alumina plasma. Fresh human plasma was treated with O.OIM Al(OH) 3 , then 


19 

55 

305 

no clot 
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all the fibrinogen was clotted by the addition of a small quantity of thrombin. 
A mixture of fresh fibrinogen-free alumina plasma and stored human plasma was 
made. The results confirm those obtained bj'’ Quick (10). It shall be noted that 
the prothrombin times obtained are always shorter than those of the normal fresh 
human plasmas. For example: 

Prothromhin time 
seconds 


Stored human plasma (7 days) 29 

Mixture of stored plasma with fresh fibrinogen-free alumina plasma 

(human) 10 

TABLE 4 


The recovery of the prothrombin time of stored human plasma by means of fresh human plasma 
treated with varying amounts of aluminum hydroxide 
Prothrombin time (sec.) 


STORED PLASMA 

NOT TREATED 

STORED PLASMA PRESn ALUMINA PLASMA 

(coNC. Al(OH)i used) 

0.2M 

0.0SM 

O.OlM 

O.OOSM 

30 

25 

14.5 

12 

12 

24 

26 

15 

13 

13 

43 

40 

15 



17 

19 

15 

12 


30 

27 

16 

13 

1 



Concentration Al(OH )3 used 


STORED PLASMA 
NOT TREATED 

STORED PLASMA 

FRESH 

PLASMA 

PROTHROMBIN 

TIME 

0.005M 

O.OlM 

0.005M 

O.OlM 

0.1 cc. 





43 


0.1 cc. 




117 




0.1 cc. 1 


45 


0.05 cc. 


0.05 cc. 


28 


1 

0.1 cc. 



220 





0.1 cc. 

149 



0.05 cc. 


0.05 cc. 

49 


As a control to establish that the added thrombin became inactivated, the fresh 
fibrinogen-free alumina plasma was added to fresh plasma. No clot resulted. 

The activitj’- of fresh ahunina plasma on stored plasma can therefore not be 
attributed to its fibrinogen. Further proof for this is that fresh oxalated dog 
plasma heated to 56°C. to coagulate the fibrinogen still retains its activity to 
normalize stored plasma. Human plasma, however, on heating loses its actmty. 
The results recorded in table 4 affirm that it is possible to normalize the pro- 
thrombin time of stored human plasma bj”- the addition of fresh human plasma- 
treated vith aluminum hydroxide. At the same time they prove that the re- 
covery is related to the concentration of AI(OH )3 used. If the fresh human 
plasma is treated rvith 0.05M almninum hydroxide, the recovery is not complete, 
and with 0.2M alumina there is no recoverj'- at all. 






















PLASMA.TIC COFACTOU OF THROMBOPLASTIN 


385 


If one accepts that prothrombin is composed of two factors, it must be further 
assiuned that both factors are adsorbed by 0.2M Al(OH)3. Only when the fresh 
plasma is treatedhwth almninum hydroxide weaker than O.OShl is the protlu-om- 
bin time of the stored plasma completely recovered. 

The theory that prothrombin is composed of two factors was based on the as- 
sumption that A1(0H)3 adsorbed onlj'- component B, and that storage destroys 
only component A. The normalization of the stored plasma was explained as 
the result of the union of the A remaining in the alumina plasma with the B 
which remains unaltered in the stored plasma. However, if both the fresh and 
the stored human plasmas are treated vith O.OIM or 0.005M aluminum hydroxide 

TABLE 5 


Titration of antithromhins and antithromhoplastins in stored human plas7na 


THROMBOPIASTIN CONCESTEATION 

PROinROinjlH TIUE (sec.)* 

nil. with fresh human plasma 

pil. with 6 days’ human stored plasma 

100 

12 

12 

75 

12 

11 

50 

14 

12 

25 

17 

14 

10 

21 

22 

5 

28 

26 

2.5 

40 

32 

1.25 

62 

55 


* The prothrombin times were checked against fresh human plasma. 


! 

AGE OF FLAS^ j 

PROTHEOilDIN 

TUIE 

■niROUBIN DILUTIONS (tQIE SEC.) 

F.S. 

1/5 

1/10 I 

1/20 . 

days 






0 

12 

3.5 

24 

55 

65 

2 

18 

3.5 

16 

30 

43 

6 

29 

5 


58 

110 


(thus adsorbing component B in both plasmas) it is still possible at least partially 
to restore the prothrombin time (table 4) by combining the two. 

These experiments affirm that fresh human plasma treated with aluminum 
hydroxide in proper concentration is able to normalize stored hiunan plasma. 
They also prove that the factor responsible for the recovery can not belong to 
prothrombin, and that the factor is adsorbed along with prothrombin by alumi- 
num hydroxide when the concentration of the latter is increased to 0.2M. 

It might be postulated as Quick (9) has done that dog and rabbit blood con- 
tains several times the concentration of this factor present in human blood. This 
vmuld explain the very short prothrombin times obtained in these animals, which 
Quick interprets as due to a higher concentration of prothrombin. 

Action of Concentrated Fibnnogen-Free Dog Alumina Plasma. The material 
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Avas prepared as folloAvs; fresh dog plasma Avas treated AA'ith O.IIM Al(OH)3 AA'hicli 
produced a plasma that did not clot. The fibrinogen AA'as removed AAith human 
thrombin. This plasma deprived of prothrombin and fibrinogen AA'as dialyzed in 
the refrigerator overnight in cellophane bags against 50 per cent dextrin, and a 
concentration of about six times the original AA'as obtained. By the addition of 
onl}'' 0.02 cc. of this concentrate to 0.1 cc. of stored human plasma +0.1 cc. of 
thromboplastin +0.1 cc. of calcium chloride it Avas po.ssible to reduce the pro- 

TABLE 6 


Effect of the addition of the cofactor of thromboplastiii and of the fresh and stored human 
plasmas on the prothrombin time of progressive dilutions of human plasma, including 

results on dicumarol dogs 


CONCENTRATION 

psoTnRoimi.v time (sec.) 

OF FRESH HU- 
JIAN PLASMA** 
IN PERCENTAGE 

Fresh 

Fresh + 0.03 
cc. cone. TBP 
cofactor* 

Fresh + 0.03 
cc. fresh 
undtl. 

' Fresh + 0.03 
cc. stored 
undil. 

Fresh + 0.03 cc.l 
fresh undil. + 
0.03 cc. cofacWr 

Fresh + 0.03 cc. 
stored undil. + 
0.03 cc. cofactor 

100 

1 

12 

11 


10 


9 

90 

12 

11 





80 

12 

11 





70 

12 

12 





60 

13 

13 





50 

15 

14.5 


10 


9 

40 

16 

14.5 





30 

17 

14 , 





20 

17.5 

13 





10 

23.5 

13 


14 


11 

5 

50 

50 

17 

19 

17 

13 


Dogs injected AA'ith dicumarol 
(Prothrombin time after 24 hrs.) 


100 

12 





7.5 

10 

46 


16 1 

11 




* Prepared from dog plasma. Cone. TBP cofactor = concentrated coFactor of thrombo 
plastin. 

** Diluted AA'ith distilled Avater. 


thrombin time of the stored plasma consistently from GO to 7.5 or 8 seconds. 
This experiment shoAA's that the substance does not dialyze. 

When the concentrated treated plasma (heated or unheated) is added to stoi'cd 
human plasma, the prothrombin time is reduced much beloAA' the normal of 12 
seconds. This effect is not obtained AA'hen the concenti-ate is added to ff'esh 
human plasma, but fresh plasma treated AA'ith Al(OI-I )3 can reduce the prothrom- 
bin time of stored plasma to 10 seconds (table 6). 

The fact that fresh plasma treated AA'ith Al(OH )3 reduces the prothrombin time 
of stored plasma more than of fresh plasma suggests that a change in the fibrin- 
ogen may perhaps occur. Lyons (5) has demonstrated the existence of tAvo lands 
of fibrinogen AA'hich he calls A and B, and states that the latter is easily obtainable 
from stored plasma. It thus appears that stored plasma graduallj^ loses a factor 
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necessary for coagulation, for which the name plasmatic cofactoi of thiombo- 
plastin is suggested; and at the same time fibrinogen undergoes a qualitative 
change which renders it more easily coagulable. 

Antithromho'plaslin and Antithromhms in Stored Ihnnan Plasma. The presence 
of antithromboplastin was studied by making various dilutions of thromboplastin 
using fresh and stored human plasma as diluents, and after incubation, testing 
the mixture for thromboplastic acti\’it 5 ’' on fresh human plasma. From the re- 
sults as shown in table 5 it can be concluded that no antithromboplastins arc 
demonstrable in plasma stored for 6 days. 

The antithrombins of fresh and stored plasmas were studied Awth serial dilu- 
tions of fresh human thrombin following the technique of Quick. The results 
recorded in table 5 demonstrate that no antithrombins developed in human 
plasma stored for 48 houis during which period the prothrombin time increased 
from 12 to 18 seconds. In fact, the response to serial dilutions of thrombin was 
better for the 48 hour old plasma than for the fresh plasma. Assuming that 
the delayed prothrombin time is due to the decreasing concentration of the plas- 
matic cofactor, these findings are taken to indicate that: 1, the cofactor must 
act in the thromboplastin-prothrombin phase, rather than in the thrombin-fibrin- 
ogen phase; 2, the fibrinogen present is more readily coagulable than in fresh 
plasma; and 3, no antiihrombins have developed in 48 hours. After six days, 
the findings vith thrombin dilutions may well be attributed to the presence of 
antithrombins. 

The Relation of Prothrombin and the Plasmatic Cofactor to the Prothrombin Time. 
It becomes apparent that two factors determine the rapidity of the prothrom- 
bin time: 1, prothrombin itself (the factor which Quick calls component B) and 
2, the plasmatic factor which the miter believes is necessary for the action of 
thromboplastin. This affects the reliability of results obtained with any tech- 
nique in which one of these is not previousb’' stabilized or supplied in excess. 
A means of transforming the thromboplastin cofactor into a constant in the 
prothrombin method of Quick is the previousl}’’ described use of a special con- 
centrate prepared from dog plasma. The influence of only 0.03 cc. of this con- 
centate on the prothrombin time of normal fresh human plasma in increasing 
dilutions with distilled water (table 6) demonstrates the importance of this 
control. 

From these experiments it may be judged that no more than iO per cent of 
prothrombin is necessary to obtain times of 13 seconds. 

In order to establish whether a given delayed prothrombin time is due to a 
lack of prothrombin or to a lack of cofactor, it is necessaiy to study the in- 
fluence of the concentrate on the plasma diluted 1/10 and 1/20. If it brings 
about a normalization of the prothrombin time in these dilutions the conclusion 
must be that the prolonged prothrombin time is due to a decrease in the cofactor 
in the plasma and not to a decrease in the prothrombin. The concentrate did 
not produce changes in the prothrombin times of dogs injected with dicumarol; 
the deficiency here is in the prothrombin itself. 

In the case of the dogs injected rvith dicumarol, the difference between the 
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normalization produced b}'’ the addition of fresh undiluted human plasma (46 to 
16 sec.) and that produced by the addition of stored undiluted human plasma 
(46 to 11 sec.) must be attributed to the difference in the quahty of the fibrinogen 
provided by the stored plasma, because the dicumarolized dog plasma supplies 
cofactor in excess. 


SUMMAEY 

B}'- means of a standardized technique with aluminum hydroxide and tricalcium 
phosphate in various concentrations it has been possible to establish the propor- 
tions in which the prothrombin and fibrinogen are adsorbed from hiunan, dog, 
and rabbit plasmas. At the same time it has been shown that the plasma factor 
which disappears on storage and which has been designated plasmatic cofa;ctor 
of thromboplastin, does not belong to prothrombin and is also adsorbed by 
A1(0H)3 but to a less extent and is onlj"- completely I’emoved when a 0.21\I con- 
centration of aluminum hydroxide is used. A concentration of this cofactor is 
described, involving the total elimination of prothrombin and fibrinogen. The 
ability of this substance to normalize stored hiunan plasma is demonstrated, and 
its place in the control of prothrombin time determination is discussed. 

I wish to thank Dr. Armand J. Quick for his kind consideration and for placing 
at my disposal the facilities of his laboratory. 

I am also grateful to Di . Marcel C. Blanchaer for help in the preliminary ex- 
periments on alumina adsorption. 
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In 1856 Hoppe (1) reported that carbohydrate ingestion lowered the nitrogen 
excretion of dogs. This finding was later corroborated bj'' Liisk (2) bj’’ a revei’se 
experiment on himself which demonstrated that the withdrawal of 350 grams of 
carboh 5 ’’drate from the diet at two levels of N intake (20.55 and 9.23 grams per 
da}’’) increased his urinary N output by 4 grams above the usual values in both 
instances. This protein sparing action of the carbohydrates was also found to 
occur in the fasting dog (3) and man (4). The pi-actical implications of this 
phenomenon were demonstrated by the experiments of Keller (5), Orgler (6), 
and Rosenstern (7) which demonstrated that the N-retention of the infant from 
a’ given amount of protein could be greatly augmented by increasing the carbo- 
hydrate content of the diet. More recently Larson and Chaikoff (8) reported 
that in dogs the occurrence and degree of retention of total N, ammonia N, 
ureaN and inorganic S effected by a single feeding of carbohj’-drate was inversely 
related to the time elapsing between the ingestion of the extra carbohydrate 
and the daily meal and was confined to the 12 hour peiiod immediately succeed- 
ing the administration of carbohydrate. 

In contrast to the clarity of the end result the metabolic mechanics of the 
protein sparing action of the carbohydrates remain obscure. It is generall}’’ 
assumed that carbohydrates spare proteins: firet, by preventing the formation of 
glucose from amino acids; secondly, by supplying the total caloric needs in the 
form of a fuel which is mobile and readily available, and thirdly, b}’’ providing 
chemical groupings which are easily convertible into amino acids. Experiments 
■with phlorhizinized dogs reveal that the phenomenon is not whollj’’ due to an 
isodyuamic replacement, since in these test animals ingested glucose spares 
protein despite the fact that the glucose producing the effect is being rapidly 
excreted (8). The direct involvement of the metabolism of the amino acids 
as a part of the sparing effect was first indicated by the human experiment of 
Folin and Berglund (10) Avhich disclosed that a single dose of 200 grams of glucose 
given subsequent to the noon meal caused a transient but marked decrease not 
only in the amino N, non-protein N, and urea N levels of the blood but also of 
the amino N, urea N, and total N of the urine. Subsequently, Brunschudg and 
his co-workers (11) presented evidence in humans that the ingestion of amino 
acids without glucose tends to lead to a greater output of nitrogen in the urine 
than when glucose is added. Also, the existence of some common pathways in 

^ Aided by grants from the Rockefeller Foundation and Mead Johnson and Company. 
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the intermediar}^ metabolism of carboh 3 ''drates and the amino acids is suggested 
bj’- the studies of Luetscher (12) who found that the high plasma and urinary 
anaino acid levels of patients with diabetes mellitus could be returned to normal 
levels by insuhn therap^^ 

The work of these preadoiis investigators suggested to us that further infoima- 
tion on the protein sparing mechanism induced by the carbohydrates could be 
secured b,y a stud}'- of the urinaiy amino acid excretion pattei-ns prevailing after 
the administration of carbohydrate (13). The results of these experiments 
which are presented here showed that in the infant and adult the urinary output 
of total _N, amino N and tryptophane was reduced below normal values in the 
3 hour period following the administration of single doses of various carbohy- 
drates. Inasmuch as the output of the 8 other amino acids measured was not 
significantly affected, it appears that the sparing mechanism involves trjyito- 
phane and components of the undeteimined fraction of the urinary amino acids. 

Experiimental. Since it has been shown that the protein sparing action 
of the carbohydrates can be affected at all levels of N intake ,(2) and that the 
effect is maximal in the 3 hour period follo-wfing the administration of the carbo- 
hydrate (8), it was decided to dispense -nfith the measurement of nitrogen balances 
and to secure our data from the morning urine passed in the 3 hours succeeding 
the ingestion of carbohydrate, a time known to constitute a period of fairly con- 
stant nitrogen excretion pro-^dded uniform urine volumes are obtained. Pre- 
liminary experiments in the adult human led to the adoption of the follovdng 
procedure. Prior to a standard breakfast consisting of 200 cc. of orange juice, 
two slices of buttered toast and one cup of coffee vdth cream and sugar, the 
subjects voided and discarded all of the night urine at 8:00 a.m. One hour 
after the standard breakfast, the zero hour specimens were collected and the sub- 
jects were given by mouth the carbohydrate dose dissolved in 240 cc. of water. 
In order to maintain constant urine flow 120 cc. of water were also given at the 
end of the succeeding hours of the experiment. The urines, preserved mth 
alcoholic thymol, were collected hourly and analyzed individually or as pools 
for the period of study. The control expeiiments were similaily performed ex- 
cept that no carbohydrate was fed. 

The infants studied in this investigation were maintained on a foimula, con- 
sisting of 236 cc. of evaporated milk, 30 grams of dextri-maltose and water to 
make 840 cc., which was given in five 170 cc. feedings at the following times: 

6 and 10 a.m., 2, 6, and 10 p.m. For a determination of the N retention effect 
of carbohydrates, 15 grams of sucrose W'ere added to the 10 a.m. feeding. In these 
expeiiments the urine excreted during the intervals betw'een 6 a.m., 10 a.m. and 
2 p.m. feedings were collected separately by means of urinaiy adapters for each 
period and immediately submitted to analysis. 

Results. The effects of carbohydrate feeding on tryptophane and other 
nitrogenous excretory products w'ere reported briefly elsew'here (13). These 
experiments disclosed that the nitrogen and tryptophane sparing action of the 
various sugai-s could be consistently demonstrated only when optimal output of 
urine ivas effected. By varying the total water intake for the 3 hour period from 
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100 to 960 cc., it was found that the output of tryptophane and other urinarj’' 
metabolites became maximal and fairly constant at an intake of 480 cc. or more 
of water providing the mine volume was greater than 85 per cent of the intake. 

The typical data collected in table 1 which were obtained when 480 cc. of 
water were given indicate the effect of carbohydrate on the tryptophane is tran- 
sient and is not detectable in the fourth hour following the ingestion of extra 

TABLE 1 


Effect of sucrose feeding on vrinary output of total tryptophane 



SUCROSE 

HOURS ARTER SUCROSE INGESTION 

1 TOTAL 

1 OUTPUT* 


ADMINISTERED 

0 

.1 

2 

! 3 

4 


1 

QTama 

mgm. 

mgm. 

1 mgm. 

mgin> 

mgm. 

[ mgm. 

A, male, 70 kgm. 

None 

3.5 

3.1 

4.7 

4.1 

3.6 

11.9 

25 

3.9 

0.0 

0.0 

0.0 

3.0 

0.0 

J, female, 60 kgm. 

1 

None 

1 

3.8 

4.2 

4.0 

4.1 ' 

4.4 

12.3 


25 

3.0 

4.5 

1 

0.0 

! 

0.0 

1 

4.7 

4.5 


* This includes amount of total tn-ptophane c.xcretcd in 3 hour period following ad- 
ministration of sucrose. 


TABLE 2 


Effect of single feeding of different sugars on the nitrogen excretion of the normal adulthuman 
The subjects breakfasted at 8:00 a.in. and were fed the various sugars at 9:00 a.m. 
All measurements were made on specimens collected from 9:00 a.m.-12 noon. 


SUBJECT 

A, MAM, 70 KGU. 

F, FESIAI.E, SO KGU. 

I, rEJt.U,E, 60 KGU. 

Sugar fed 

Total N 

Amino N 

Trypto- 

phane 

Total N 

Amino N j 

Trypto- ' 
phanc 

Total N 

Amino N 

1 

Trypto- 

phane 


mgm, . 

ingvi . 

mgm. 

mgm, I 

mgm. 

mgm. I 

rncm. 

mgm. 

mgm. 

None* 

1616 

39.9 

11.8 

1453 

37.4 

12.1 

1684 

29.9. 

18.2 

25 gm. glucose* 

1272 

29.0 

0.6 

996 

23.2 

o.G 

1564 

28.3 

7.8 

50 gm. glucose 







1505 

29.4 

6.1 

25 gm. sucrose* 

I 1209 

1 29.3 

0.0 

1081 

30.8 

3.9 

1477 

i 32.1 

4.6 

50 gm. sucrose 




1285 1 

31.9 

4.1 




25 gm. fructose 

1435 

24.9 

0.0 





i 

1 


25 gm. arabinose 

1450 

1 36.5 

14.8 

i 





1 


* Average results of 3 experiments. 


sugar. In several instances, however, the effect lasted through the fourth and 
fifth hours after the administration of sucrose. The effects of single doses of 
different amounts of various sugai-s on the total N (14), amino N (15), and 
tt^Ttophane (16) output of the adult under the conditions noted are shotvn in 
table 2. It will be seen from these results that o, the ingestion of glucose and 
fructose as well as sucrose causes the output of total urinary trvptophane to 
fall below the control levels; h, the feeding of 50 grams of these carbohydrates 
caused no greater decrease in the tryptophane excretion than the 25 gram dose, 
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and c, in general the carbohydrate induced fall in urinary tryptophane was 
paralleled by a drop in amino N and total N values. Attention is called to the 
fact that the drop in trjTitophane excretion does not account for the total fall 
in amino N output, so that the levels of amino acids other than those measured 
must be affected by the carbohydrate ingestion. It is of interest that, unlike 
the total N output, the amino N and tryptophane levels of the urine were not 
effected bj’" the administration of the unphysiolpgical carbohydrate, arabinose. 

The findings in the study of the infant parallel those of the adult (table 3). 
Moreover, the analytical data show that the retention effected by the extra 
carbohydrate feeding in period 2 is compensated for the most part by a rise 


TABLE 3 

Effect of single feeding of sucrose on the nitrogen excretion of the infant 








NOEUAI, DIET WITH 15 GRAMS 




NORMAL DIET 

SUCROSE SUPPLEMENT GIVEN 



URINARY 




AT 10:00 A.M. 

SUBJECT 

IMENT 







KO. 


Period 1 
6-10 a.m. 

Period 2 
10 a.m.- 
2 p.m. 

Period 3 
2-6 p.m. 

Period 1 
6-10 a.m. 

Period 2 
10 a.m.- 
2 p.m. 

Period 3 
2-6 p.m. 



■ 

mgm. 







Golden, 5 mos., 4.7 


Total N 

311 

409 

432 

319 

311 

373 

kilos; 840 cc. of 


Amino N 

3.4 

4.2 

3.4 

4.6 

3.4 

6.6 

formula daily in 
five feedings 


Tryptophane 

4.7 

6.5 

7.2 

5.8 

2.1 

7,2 

2 

Total N 


418 

388 

296 

172 

704 




Amino N 


16.4 

11.2 

8.1 

4.2 

18.2 


1 

Tryptophane 

lo 

4.7 

4.1 

4.6 

1.4 

8.8 

Harris, 4 mos., 4.8 

3 

Total N 

264 

206 

430 

279 

US 

443 

kilos;. 840 cc. of i 


Amino N 

6.1 

6.8 

6.7 

8.3 

3.0 

14.6 

formula daily in 
five feedings 


Tryptophane 

7.0 

6.4 

6.3 

4.5 

1.1 

5.7 

4 

Total N 

209 

423 

421 

281 






Amino N 

7.6 

15.3 

14.3 

11.2 





Tryptophane 

4.2 

4.7 

7.7 

5.2 

3.0 



in the output of nitrogen containing metabolites in period 3. Similar observa" 
tions were made in the dog by Larson and Chaikoff (8). 

Comment. The findings reported here amply confirm in man the observa- 
tions of Larson and Chaikoff (8) on the effect of single doses of carboh 3 ’^drate on 
the urinarj'^ nitrogen output of the dog. Our failure to note an 3 '^ effect of the 
carbohydrates on the inorganic of other sulfur constituents of the urine which 
the 3 ’' found to occur in the dog ma 3 '^ be due in part to differences in the metabolic 
requirements of the sulfur amino acids of man and the fur-bearing animals which 
are suggested by the recent report of Cox and collaborators (17). ' 

The observation that the mechanism of the, carbohydrates involves the es- 
sential amino acid tryptophane, which is considered to be neither ketogenic nor 
glucogenic (18), lends support to the prevailing ^^ew that the phenomenon is not 
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due to a simple transposition of energy either in the form of calories or chemical 
radicals. The transient nature of the observed effect suggests that the bio- 
chemical reaction is an immediate rather than a secondary one as is the case in 
the tryptophane sparing effect of carboh 3 '^drates observed in the rat bj" Krehl 
and co-workers (19) which they believe to arise from an improved intestinal 
sjmthesis afforded by some protein-carbohydrate relationships. Inasmuch as 
tile method employed for the estimation of tryptophane appears to measure 
both free and bound trj’ptophane our data fail to disclose which urinarj'^ trj'^pto- 
phane fraction is reduced by the administration of extra carbohydrate. In- 
formation on this point might reveal in which metabolic phase, anabolic or 
catabolic, the sparing action was affected. Pending the development of suitable 
techniques for the estimation of the two urinary tiyptophane fractions and the 
amino acids of the undetermined amino N moiety, it ivould seem unwise to 
theorize on the reported observations. 

SUMMARY 

It has been observed that the administration of single doses of various carbo- 
hj’-drates to adult humans and infants induces a transient fall in the level of total 
urinary tryptophane wiiich is associated with a decrease in amino N and total N 
excretion. The output of the other chemically measurable amino acids seemed 
to be affected by the carbohj’-drate ingestion. The significance of these findings 
is discussed. 
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In 1941 the authors (1) suggested that copious lactation could be initiated onl}'’ 
when o, there is a well developed mammary gland present, and h, ndaen there is 
a high lactogen content in the pituitaiy. Lobule-alveolar mammary growdh 
had been shown to be complete by mid-pregnanej’^ (for retdew see Turner, 2), 
while numerous studies of the lactogen content of the i^ituitaiy ret^ealed that it 
remains low duiing pregnanc 3 ’’ in most animals studied but increases sharplj’-, 
b}’’ several hundred percent, soon after parturition (for re\dew see IMeites and 
Turner 3, 4, 5,) and Hurst and Turner (6)). As a result of these findings it 
was postulated that the principal reason copious lactation was not initiated 
during pregnane^’’ or pseudopregnanc.v was because of insufficient secretion of 
pituitaiy lactogen. 

Attempts to initiate lactation with lactogenic extracts duiing pregnancj’- in 
guinea pigs, rats, rabbits and goats usuall.y residted in resorption of the embiyos 
or abortion of the fetuses, with the consequent onset of lactation (7, 8, 9, 10). 
In no instance was lactation reported to precede abortion or resorption of the 
embryos. In the rabbit, De Fremeiy and Denekamp (8) found that dailj’’ sub- 
cutaneous injections of lactogen for fiye da3'S during the first, second or third 10 
da3’-s of gestation (a raljbit has a gestation period of approximateJ3’’ 30 da3’-s) in- 
■\mriabl3' resulted in abortion or resorption. YTiile these experiments demon- 
strated that the mammaiA^ glands of pi’egnant animals were capable of secieting 
milk, the3" seemingh’^ substantiated the Anew of those who beheved that some 
inhibitoiy factoi- or factors prevented the harmonious co-existence of pregnancy 
and lactation. Since this Anew was contradicted b3^ the fact that pregnanc3^ and 
lactation do go simultaneoushv in man3’^ species AAithout serious detriment to 
either process (1), it seemed to the Avriters that the termination of pregnanc3’' 
induced b3' lactogenic extracts AAas proljabh’ due to some impuritA' associated 
AAuth the aA’ailable lactogen preparations. 

In 1942 L3’-ons (11) demonstrated for the fii-st time the direct action of lactogen 
on the mammaiy gland. He Avas able to induce a localized lactation in one small 
sector of the rabbit mammar3’^ gland b3’' the intraductal injection of as little as 
1-3 I.U. of lactogen. This technique proAuded an opportunit3’’ to inject an 
amount of lactogen small enough, it AA'as hoped, to initiate a localized lactation 
Avithout terminating pregnanc3\ 

* Contribution from the Department of Dairi' Husbandry, ^Missouri Agricultural Experi- 
ment Station, Journal Series no. 1045. 
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Experiment 1. Tliirty-one pregnant and pseudopregnant New Zealand Wliite 
rabbits were injected with various doses of lactogen by the intraductal route. 
Pseudopregnancy w^as usually induced by a single intravenous injection of 200 
I.TJ. of chorionic gonadotrophin.- Ail lactogen doses v,’ere given in either single 
or multiple injections, in J ml. volumes, beginning on the 10th or 15th days of 
pregnancy or pseudopregnancj*’, and the animals were killed 5 da 3 ’’s later. F our 


TABLE 1 

Mammary sector reactions to varying doses of lactogenic hormone during pregnancy and 

pseudopregnancy 


NO. OF 
RABBITS 

CONDITION OF 
DOES 

LACTOGEN UNITS INJECTED 
PER DOE* 

1 

DAY KILLED 

STATE OF FETUSES 

NO. OF POSm\X 
RESPONSES 

5 

Pregnant 

5 1.U. on days 15, 16, 

20 

Alive 

4-1- 



17, IS 




3 

Pregnant 

10 I.U. on day 15 

20 

Alive 

3-f 

2 

Pregnant 

10 I.U. on day 15 

Permitted to 

Normal lit- 

2-f 


j 


go to partu- 
rition 

tors * 


3 

Pregnant 

5 I.U. on days 10,11, 

15 

Involuting 

2+ 



12, 13 




2 

Pregnant 

50 I.U. on day 10 

15 

Involuting 

2-1- 

2 

Pregnant 

10 I.U. on daj' 10 

Permitted to 

Normal lit- 

2-f 



1 

go to partu- 
rition 

ters 


3 

Pseudo- 

5 I.U. on days 15, 16, 

20 


3-f 


pregnant 

17, 18 




3 

Pseudo- 

10 I.U. on days 15, 

20 


[general 


pregnant 

16, 17, IS 



3-f jlacta- 






Ition 

3 

Pseudo- j 

10 I.U. on day 15 

20 


3-f 


pregnant 





3 

Pseudo- 

5 I.U. on daj's 10, 11, 

15 


3+ 


pregnant 

12, 13 


! 


2 

Pseudo- 

50 I.U. on day 10 

15 


2-f 


pregnant 





* Only one nipple was injected in each rabbit. 


pregnant rabbits were permitted to continue their pregnancies to term. Only 
one teat was injected per rabbit, but as each teat usually had 6 excretorymilk 
ducts no attempt wms made to inject the lactogen into the same duct w^hen 
multiple injections were given over a 4 -da 3 '^ period. 

Results and discussion. It ivill be seen that with tivo exceptions lactation 
WES induced in all the pregnant and pseudopregnant rabbits (table 1). In agree- 


= We wish to thank Ayerst, McKenna and Harrison Ltd., Rouses Point N Y 
chorionic gonadotrophin, “A.P.L.” ’ ‘ ’’ 


for the 
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ment -with Lyons (11), a considerable variation in individual response was found. 
On the whole a single injection of 10 I.U. of lactogen into one duct of a teat was 
more effective than 4 injections of 5 I.U. dailj’- into different ducts of the same 
teat. When the injections were begun on the 15th day, milk could usually be 
expressed from the nipple by the 18th day. No remarkable difference in lacta- 
tional response was noted between the pregnant and pseudopregnant rabbits. 

Pregnancy was not terminated in any of the 10 rabbits which received injec- 
tions beginning on the 15th daj'’, and the two rabbits which were iDei’mitted to hve 
bej’-ond the 20th day dropped normal litters on the 31st da 3 ^ Lactation had 
been induced in 9 of these rabbits. 

In rabbits injected vdth total dosages of 20 to 50 I.U. of lactogen beginning 
on the 10th dai-- of pregnancy, resorption of the embrj'-os occurred in the five 
rabbits lolled on the 15th da 3 ^ Lactation had been initiated in four of these 
animals. In the remaining two rabbits, wliich had each received a single injec- 
tion of 10 I.U. of lactogen, a small amount of milk could be expressed from the 
injected teats b}-- the 15th day. These does were permitted to continue in Avhat 
was hoped was still a normal pregnant state, and thej^ both dropped Auable litters 
on the 31st and 32nd days. 

It is noteAvorthy that three of the rabbits in whom resorption occurred follow- 
ing the injections begun on the 10th day of pregnancy received no more lactogen 
(20 I.U.) than fiA'^e rabbits injected beginning on the 15th day and in AAdiom the 
fetuses lived. Since it has been claimed that the pituitary factor AAdiich maintains 
luteal function during the first half of pregnane}^ (luteotrophin) is lactogen, it 
seems rather contradictory that the injection of a small dosage (0.66 mgm.) of 
this hormone shoidd terminate pregnancy. It is possible, hcAA’CA^er, that the 
embiyos are more sensitiA’’e to any contaminant in the lactogen during the earlier 
period since Hammond and Marshall (12) reported that fixation of the embiyos 
and formation of the placentae take place in the i-abbit on the 10th oi' 11th day 
of pregnancy. It is also noteAA^orthy that the ovaries of the rabbits in AA^hom 
resorption took place contained many blood follicles and AA^ere liighly A'-ascularized, 
shoAAung that an intense stimulation had occurred. HowcA'-er, it is not known 
whether this AA^as associated AAith the termination of 23regnancJ^ 

These data are belieA^ed to confirm the preAuouslj^ expressed view that lactation 
is not initiated during most of pregnancy, or during pseudopregnanc3", piimaril}’- 
because insufficient lactogen is being secreted bj" the pituitaiy. A localized 
lactation AA^as induced in most of the pregnant rabbits reported here without 
interfering with pregnanej^ (see fig. 1 for tj’pe of lactation induced). It is be- 
lieved that if a sufficient dosage of truly pure lactogenic hormone were injected 
S5’-stemicallj^, a generalized lactation could be initiated AAdthout terminating 
pregnanc5\ That the two processes of lactation and pregnancy are not antago- 
nistic is known from the fact that they can be present simultaneouslj’’ in many 
species, including the mouse, rat, rabbit, goat, coav and human. 

Experiment 2. Bergman and Turner (13) defined the specificity of lactogenic 
hormone as its ability to initiate lactation in intact animals with property devel- 
oped mammaiy glands. In support of tiffs thesis the}’’ demonstrated in pseudo- 
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pregnant rabbits that while lactation could be induced with lactogenic hormone 
which was relatively free of other pituitary hormones, pituitary extracts rclative y 
free of lactogen could not induce lactation. The identity of lactogen with the 
pigeon crop proliferating factor was also established by showing thatitslactation 
inducing abilitj^ was directly related to its pigeon crop proliferating potency (13, 
14). Later Lyons (11) provided positive proof of the direct action of lactogen on 

the mammary epithelium. _ , . , i • 4.1 

Since Ljmns had shoAvn that a localized lactation could be induced in the 

rabbit mammary gland ivitli a small intraductal injection of lactogen, it was 
decided to appl}^ this technique to determine whether other hormones were also 
capable of inducing lactation. The foUowing hormones were injected into sepa- 
rate nipples of each of 3 pseudopregnant rabbits: lactogen, whole pituitaiA ex- 
tract, thjTotrophin, thj'roxine and adrenal cortical hormone.® Each of these 
hormones was given in a single 0.5 ml. intraductal injection into the same 5 teats 



Fig. 1 . Effect of different hormones injected intraductnlly into individual teats of 
a pseudopregnant rabbit. This whole mount of the mammary gland shows the local 
lactational response induced with lactogen. The lesser rcs])onse obtained with whole 
pituitary e.xtract had largely faded by the time this picture was taken (about 4S hrs. 
post mortem). 

in each rabbit. All injections Avere made under ether anesthesia on the 15th daj’' 
of pseudopregnancy, and the animals Avere killed 5 days later. 

The results are summarized in table 2. It Avill be seen that only those mam- 
maiy sectors Avhich receh'^ed lactogen or AA'hole pituitary extract came into lacta- 
tion. Figure 1 proAudes a striking illustration of the type of localized lactation 
induced in one small sector of the mammary gland bj’’ a single intraductal injec- 
tion of extract containing lactogen. Paradoxically, the lactation induced by 
the AALole pituitarj^ extract did not equal that induced bj”^ the lactogenic hor- 
mone, despite the fact that the former presumably contained as much lactogen 
as the latter . HoAA'^eA’'er, the AA'hole pituitary extract AA'as pi'epared and assaj'ed 
in 1941, and even though it had been stored as a dry pcAArier, it may IraA'e lost 

’ We are indebted to the Schering Corp., Bloomfield, N. J., for the lactogen; the Upjohn 
Co., Kalamazoo, Mich., for the adrenal cortex extract; the British Drug Houses Ltd 
London, for the thyroxine; and to Dr. A. J. Bergman, formerly of this laboratory, for the 
whole pituitary and thyrotrophic extracts, and for their assays. 
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some of its original potenc3^ In no case did the thjTotrophin, thj^roxine or 
adrenal cortical hormone induce lactation. An examination of the ovaries of 
these rabbits revealed that multiple o\mlation and formation of coipora lutea 
occurred in each case. 

These experiments, although limited in number, are believed to demonstrate 
that there is no basis for the claim that other hormones, particularly those con- 
trolling or emanating from the adrenals or thyroids, have an equal claim vdth 
lactogen to be considered as specific lactation inducing hormones. Onl3'- lactogen 
is capable of acting directl3'’ on the mammaiy epithelium to induce lactation. 
Other hormones are believed to be essential or supplemental to lactation onl3^ 
insofar as the3’- influence important metabolic processes necessaiy to the mobiliza- 
tion of milk precursors in the blood, i.e., salt and water metabolism; carboh3^- 

TABLE 2 


Mammary sector reactions to 5 different hormones injected into 5 separate nipples of each of 

3 rabbits 


HORMONE INJECTED 


DOSAGE OF nORilONE 

AVERAGE REACTION 

mgm. 

Approx, units 

Pek olANIj Si:.GXOK 

Lactogen 

0.33 

10 I.U. 

+++ 

Whole pit. e.\t.** 

2.20 

10 I.U. lactogen 

6.5 chick units tlyrotrophin 

2.3 chick units gondadotrophin 

0.2 chick units adrenotrophin 

++ 

Thyrotrophin** 

5.00 

55 chick units 

— 

ThiToxine 

0.20 


— 

Adrenal cortex 

20,000.00 




Approx. 

25 dog units 

— 


* The Gardner-Turner (15) method of rating rabbit mammary responses was used. 
** The assa 3 ^s of these hormones were made according to the methods described by 
Bergman and Turner (16). 


drate, fat and protein metabolism; metabolic rate, etc. This explains why the 
pituitaiy and adrenals are essential for normal lactation, and why whole pituitaiy 
extracts are more effective than lactogen alone in augmenting established 
lactation. 


SUMMARY 

Lactation was induced in pregnant and pseudopregnant rabbits b 3 ’’ injecting 
relatively small amounts of lactogenic hormone intraductalb^ into localized sec- 
tors of the rabbit mammaiy gland. Either single or four daity injections were 
made direct^’- into one nipple of each rabbit. Nine of ten rabbits injected begin- 
ning on the 15th da 3 " of pregnancy came into lactation, usually by the 18th day, 
Arithout disturbing the pregnant state. Resorption of the embryos occurred in 
5 rabbits'’giA’^en 20 to 50 I.U. of lactogen beginning on the 10th da3’' of pregnanc3q 
but not in tAvo does giA^en a single injection of 10 I.U. of lactogen. Pseudopreg- 
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nant rabbits responded similarly to pregnant rabbits when given the same dosage 
of lactogen. Better lactational responses were obtained when injections were 
begun on the 15th than on the 10th day of pregnancy or pseudopregnancy. 

These experiments are beheved to demonstrate that the principal reason lacta- 
tion is not normally initiated during pregnancy or pseudopregnancj’^ is because of 
an insufficient secretion of lactogen by the pituitary. F or the first time lactation 
has been initiated in pregnant animals by exogenous lactogen administration 
without terminating pregnancy. - 

In another expeiiment attempts were made to determine whether honnones 
other than lactogen could induce localized lactation by the intraductal injection 
technique. On the 15th day of pseudopregnanej’" three rabbits received single 
injections into 5 nipples of each of the following hormones: lactogen, whole 
pituitary extract, thyrotrophin, thyroxine and adrenal cortical hormone. Only ' 
the mammary sectors which received lactogen and whole pituitary extract came 
into lactation. This is believed to show that only lactogen has the specific 
property of acting directlj’’ on the mammaiy epithelium to induce lactation. 

REFERENCES 

(1) Meitks, .1. AND C. W. Tuunbr. Endocrinology 29: IG.'i, 1941. 

(2) Turner, C. W. Chap. XI, Sex and internal secretions. 2nd ed., 1939. 

(3) Meites, J. and C. W. Turner. Endocrinology 30: 711, 1942. 

(4) Meites, J. and C. W. Turner. Endocrinology 30: 719, 1942. 

(5) Meites, J. and C. W.'Turner. Endocrinology 30: 726, 1942. 

(6) Hurst, V. and C. W. Turner. Endocrinology 31: 334, 1942. 

(7) Nelson, W. 0. Endocrinology 18: 33, 1934. 

(8) DeFremert, P. and P. J. Denekamp. Acta Brevia Neerlandica 6: 44, 1935. 

(9) DeFremery, P. Proc. Physiological Society 87: 10, 1936. 

(10) Meites, J. and C. W. Turner. Unpublished, 1941. 

(11) Lyons, W. R. Proc. Soc. Exper. Biol, and Med. 61: 308, 1942. 

(12) Hajimond, .1. AND F. H. A. MARsnALL. Reproduction in the rabbit. 1925. 

(13) Bergman, A. J. and C. W. Turner. J. Dairy Science 23: 1229, 1940. 

(14) Bergman, A. J., J. Meites and C. W. Turner. Endocrinology 26: 716, 1940. 

(15) Gardner, W. U. and C. W. Turner. Univ, of Mo. Agric. Exper. Sta. Bull. 196, 1933. 

(16) Bergman, A. J. and C. W. Turner. Univ. of Mo. Agric. Exper. Sta. Bull. 356, 1942. 



THE EFFECTS OF THE PITUITARY GROWTPI AND ADRENO- 
CORTICOTROPIC HORMONES ON THE URINARY 
GLUCOSE AND NITROGEN OF DIABETIC RATS^ 

LESLIE L. BENNETT and CHOH HAO LI 

From the Division of Physiology and the Institute of Experimental Biology, University of 

California, Berkeley 

Received for publication May 20, 1947 

Tlie production of diabetes mellitus bj’- the injection of suitable crude anterior 
hypophyseal extracts into normal animals (1, 2, 3) is a well recognized phenom- 
enon. Equally well known is the fact that hypophysectom}'' lessens the 
severity of the diabetes in a depancreatized animal (4) and that suitable crude 
Itypophyseal extracts, Avhen injected into such a doubly operated animal, rein- 
voke diabetes mellitus in its full severity. YHiether these effects of crude ex- 
tract are due to their content of one of the known hormones, to some unknown 
factor, or to a synergistic effect between some of the known hormones is not clear. 
Relatively little work has been done with chemically or biologically pure prepara- 
tions. Anderson, jMarx and Fong (5) have reported that biologicallj’’ pure 
growth hormone increased the glycosuria of partially depancreatized rats sup- 
plied with sucrose in their drinking water. Ingle, Li and Evans (6) used chem- 
ically and biologically pure adrenocorticotropic hormone and produced gly- 
cosuria and increased nitrogen excretion in normal rats forced fed a high 
carbohydrate diet. It is the purpose of this paper to report the effects produced 
in diabetic rats by chemically and biologically pure growth and adrenocortico- 
tropic hormones. 

IMatekials and methods. In these experiments male rats of the Long-Evans 
strain weighing approximately 200 grams were used. Diabetes mellitus Avas 
produced by the intraperitoneal injection on each of two successive da 3 ’^s of 
alloxan monohydrate (Eastman) at a dose level of 200 mgm. per kgm. bod}'- 
Aveight. Animals Avith persistent severe diabetes exhibiting a daily gbrnosuria 
of more than 3.5 grams AATre selected for study. During metabolic stud}'^ the 
animals AA’'ere maintained in individual metabolism cages and were fed a re- 
stricted, Aveighed amount of the stock- diet so adjusted that all diet Avas consumed 
each day. Thus each animal reported in this paper Avas maintained on a constant 
food intake through the entire experimental period. The animals were fed at 
the same time each day and Avere weighed prior to feeding. Urine Avas collected 
dailj’' under toluene and Avas anal3’'zed for glucose and total nitrogen bj^ the 
Shaeffer-Somogyi (7) method and the micro-Kjeldahl procedure. Yeast fer- 
mentation studies demonstrated that the daily excretion of non-fermentable 

1 Aided by grants from the Research Board of the University of California, the James 
Foundation Grant of the Medical School, and the Rockefeller Foundation of New York 
City. 

- The diet consisted of ground whole wheat 68} per cent, fish oil 5 per cent, casein 5 per 
cent, alfalfa leaf meal 10 per cent, fish meal 10 per cent, and sodium chloride 1} percent. 
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reducing substances was never more than 80 mgrn. per day and so only the data 
for total reducing substances are reported in this paper. 

The hormone preparations used Avere prepared according to the previously 
published methods (8, 9) and in most instances were injected subcutaneously 
three times a day. The hormone was injected for 5 or 0 days and before its 
administration the glucose and nitrogen excretion was followed for a control 
period of from 10 to 17 days. When insulin Avas given it Avas in the form of 
protamine zinc insulin and Avas administered once daily subcutaneously. Sta- 
tistical anatysis according to the methods of Fisher (10) was made for each ani- 
mal, comparing the significance of the change betAVcen the control and injection 

TABLE 1 


The effect of 3 mgrn. per day of growth hormone on the glycosuria of diabetic rats 





INSUTIN DOSE 
PER DAY 

UGM. URINMIY GLUCOSE TER DAY 


RAT NO. 

FOOD 

INTAKE 

Control period before 
growti^ hormone 

Growlli hormone treatment 
period 

P 

^Icnn change 
from the 
control period 

B 

8261 

grns. 

20 

None 

5420 ± 130'‘(15)t 

6670 ± 260(6) 

<0.01 

-f-1250 

B 

8854 

20 

None 

5820 ± 220(15) 

5940 ± 240(6) 

0.70 

+120 

B 

8261 

20 

None 

7440 ± 220(17) 

8150 ± 200(6) 

0.05 

+710 

B 

8255 

15 

None 

5120 ± 90(13) 

5630 ± 230(6) 

0.015 

+510 

W 

5538 

10 

None 

5720 db 80(13) 

6080 i 400(6) 

0.20 

+360 

G 

5531 

10 

None 

5700 ± 90(13) 

6970 ± 230(6) 

<0.01 

+1880 

B 

7504 

18 

None 

6710 ± 70(14) 

6530 ± 430(6) 

mm 

-ISO 

B 

7047 

18 

None 

6560 ± 100(13) 


■Ei 

+560 

B 

7060 

IS 

1 .5 units 

2330 ± 400(10) 


>0.90 

-20 

BH 6882 

IS 

1 .5 units 

1660 ± 170(10) 


+1750 

BH 7088 

IS 

1 .5 units 

220 ± 60(10) 


<0.01 

+530 

B 

7081 

18 

1 .5 units 

500 ± 120(10) 


>0.90 

-35 

B 

7040 

18 

1 .5 units 

1060 ± 210(10) 



+30 


* Standard deviation of the mean. 

t The figure in the parentheses indicates the number of days’ observation. 


period. A p value of 0.01, indicating one chance in one hundred that the ob- 
served difference could be due to random A^ariation, Avas taken as significant. 

Results. In tables 1 and 2 are presented the data Avhich summarize the 
experiments in AAdiich groAHh hormone Avas administered at a leA'-el of 3 mgm. 
per day. It Avill be seen that in each case in Avhich exogenous insulin Av^as sup- 
plied and that in fiA^e of the eight experiments in Avhich no exogenous insulin 
was supplied there AA^as a significant nitrogen retention as shoA\m bA^ the decrease 
in luinaiy nitrogen excretion. The effects upon the degree of gl3’’cosuria AAure 
not so consistent, as there aa'us a significant increase in glycosuria in only four 
of the tlurteen experiments. Ten additional experiments AA’ere done in Avhich 
only 1 mgm. of groAvth hormone AA^as administered per day; in firm of these 
experiments insulin Avas also giA^en and in all five there was a definite nitrogen 
retention. In the other Aa^c animals no insulin AA^as administered but there Avas 
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nevertheless a definite nitrogen retention in four of the five cases. None of 
the ten animals receiving the smaller amount of growth hormone exhibited a 
significant change in glycosuria. 

In tables 3 and 4 are presented the data summarizing the experiments in which 
3 mgm. of adrenocorticotropic hormone Avere given per day. It will be seen that 
in every case, regardless of Avhether exogenous insulin was given, there was a 
marked increase in the degree of glycosuria with a p value of less than 0.01 
in ten of the tivelve cases. There ivas an associated increase in nitrogen excre- 
tion in each instance, being statistically highly significant in all but fiA'-e of the 
animals. Five additional experiments AA'ere done in AA'hich only 1 mgm.'of adreno- 
corticoti'opic hormone plus insulin Aims administered per day. In none of these 

TABLE 2 


The effect of S mgm. per day of growth hormone on the urinary nitrogen excretion 

of diabetic rats 



. FOOD i 

INTAKE 1 

INSULIN DOSE 
HER DAY 

MOir. URINARY NITROGEN PER DAY 


SAT KO. 

Control period before 
growth hormone 

Growth hormone treatment 
period 

P 

Mean change 
from the 
control period 

B 8261 

sms. 

20 

None 

382 ± 5(15) 

392 ± 5(6) 0.25 

+10 

B 8854 

20 

None 

423 ± 15(15) 

356 ±13(6) 0.02 

-67 

B 8261 

20 

None 

406 ± 8(17) 

362 ± 15(6) <0.01 

-44 

B 8255 

15 

None 

340 ± 15(13) 

306 ± 8(6) 0.15 

. -34 

W 5538 

16 

None 

346 ± 5(13) 

250 ± 12(6) <0.01 

-96 

G 5531 

16 

None 

369 ± 9(13) 

249 ± 12(6) <0.01 

-120 

B 7504 

18 

None 

454 ± 7(14) 

355 ± 18(6) <0.01 

-99 

B 7047 

18 

None 

426 ± 7(13) 

381 ± 13(6) <0.01 

-45 

B 7060 

18 

1 .5 units 

351 ± 8(10) 

266 ± 19(6) <0.01 

-85 

BH 6882 

18 

1 .5 units 

356 ± 12(10) 

284 ± 14(6) <0.01 

-72 

BH 7088 

18 

1 .5 units 

379 ± 7(10) 

272 ± 15(6) <0.01 

-107 

B 7081 

18 

1 .5 units 

292 ± 15(10) 

234 ± 12(6) <0.01 

-58 

B 7040 

18 

1 .5 units 

364 ± 8(10) 

252 ± 16(6) <0.01 

-112 


animals AA'^as there a change in either nitrogen excretion or glycosuria that AA’^as 
judged to be significant. 

With both hormones the body AA’^eights of the animals reflected the changes 
in nitrogen e.xcretion, gain in Aveight occurring AA'hen nitrogen AA^as retained a,nd 
loss in weight occurring Avhen nitrogen excretion AA'as increased. The maximum 
rate of gain occurred in those animals receiAung both groAvth hormone and insulin, 
reaching an average of 7 grams per day for a fi-daj'’ period in one animal. 

Discussion. It seems quite “clear that the effect of groAvth hormone at both 
leA’-els of administration and either AAdth or Avithout administration of additional 
insulin AA'as to promote nitrogen storage, as there AA'^as a significant decrease in 
nitrogen excretion in nineteen of tAA’^enty-three experiments. Thus in the dia- 
betic rat groAvth hormone has the same effect upon nitrogen metabolism as it 
does in the normal rat. It seems equallj’’ clear that at the 1 mgm. level there 
was no significant effect on glycosuria, while at the 3 mgm. leA'^el it apparently 
enhanced glycosuria in approximately one-third of the cases. 
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Thus growth hormone is not diabetes enhancing with respect to its effects 
upon nitrogen excretion, but may be ivith regard to glj’'cosuria when adminis- 

TABLE 3 


The effect of 3 mg 7 n. per day of adrenocorticotropic. hormone on the glycosuria of 
diabetic rats. Values for gbicose reported as milligram per day 





MOM. tnUNARY GLTICOSE PER DAY 


RAT NO. 

FOOD 

INTAKE 

INStriilN DOSE 
PER DAY 

Control period before 
adrenocorticotropic 
hormone 

Adrenocorticotropic^ 
hormone treatment period 

P 

Mean change 
from the 
control period 

B-'8255 

sms, 

20 

None 




B 5931 

15 

None 




B 5927 

20 

None 




W 5538 

20 

None 




G 5531 

20 

None’ 




B 8261 

20 

None 



1 

B 8854 

20 

None 



^BS ^^B 

G 8261 

20 

None 



-f-1450 

B 8261 

18 

2 .0 units 

2380 ± 195(13) 


+1470 

B 8854 

18 

2 .0 units 



+4450 

G 8261 

18 

2 .0 units 



+4570 

G 7018 

18 

1 .5 units 



+490 


TABLE 4 


The effect of S mgm. per day of adrenocorticotropic hormone on the urinary nitrogen 
excretion of diabetic rats. Values for nitrogen reported as milligram per day 



FOOD 

INTAKE 

1 

INSULIN DOSE 
PER- DAY 

MGU. URINARY NITROGEN PEE DAY 


RAT NO. 

! 

1 

Control period before 
adrenocorticotropic 
hormone i 

Adrenocorticotropic 
hormone treatment period 

P 

Mean +aagc 
from the 
control period 

B 8255 

gms, 

20 

None 

476 ± 4(15) 

486 + 12(5) 0.30 

+10 

B 5931 

15 

None 

327 ± 8(13) 

344 + 17(5) 0.30 

+17 

B 5927 

20 

None 

442 ± 8(14) ' 

499 + 30(5) 0 .01 

+57 

W 5538 

20 

None 

466 db 8(15) 

530 + 23(5) <0.01 

+64 

G 5531 

20 

None 

488 ± 7(15) 

509 + 21(5) 0.20 

+21 

B 8261 

20 

None 

382 ± 5(15) 

460 + 22(5) <0.01 

+78 

B 8854 

20 

None 

423 ± 15(15) 

510 + 27(5) <0.01 

+87 

G 8621 

20 

None 

406 ± 8(17) 

479 + 13(5) <0.01 

+73 

B 8261 

18 

2 .0 units 

275 ± 9(13) 

326 + 24(6) 0.02 

+51 

B 8854 

18 

2 .0 units 

269 ± 7(13) 

394 ± 27(6) <0.01 

1 +125 

G 8261 

18 

2 .0 units 

296 ± 3(13) 

366 + 15(6) <0 .01 

+76 

G 7018 

18 

1 .5 units 

332 ± 6(10) 

363 + 16(6) 0.03 

+31 


tered at the higher dose level. Since the alloxanized rats with which we worked 
undoubtedly retained some functioning islet tissue, the fact that growth hormone 
promoted nitrogen storage even though no exogenous insulin was supplied can- 
not be construed to indicate that this effect does not require the presence of in- 
sulin, or that growth hormone would have the same effect in a completely de- 
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pancreatized animal without exogenous insulin. Since the nitrogen retaining 
effect of growth hormone occurred even in the presence of an increase in glj'^co- 
suria it is highly unlikely that this effect on nitrogen metabolism could be 
mediated by stimulation of the islets of Langerhans to increase their insulin 
output. 

The effect of adrenocorticotropic hormone at the 1 mgm. level vns not sig- 
nificant while at the 3 mgm. le'^’^el it increased both glycosuria and nitrogen 
excretion. Thus adrenocorticotropic hormone is clearl.y diabetes enhancing 
and “anti-insulin” in its effects on both nitrogen and glucose excretion in the 
diabetic rat, in that it produces the characteristic effects of insulin deficiency. 
It is also to be noted that the effects of growth hormone on nitrogen excretion 
were demonstrated more consistentlj’' than were its effects on glyco.suria while 
for adrenocorticotropic hormone the rei'^crse was tiTie. 

It is of interest to note in the experiments with adrenocorticotropic hormone 
in which no exogenous insulin was given that, on the average, the nitrogen 
excretion increased 51 mgm. per daj’’ while the glj’-cosuria increased 1480 mgm. 
per dajL If one accepts a D /N ratio of 3.65 as representing maximum ghToneo- 
genesis from protein, the increase in nitrogen excretion would account for onty 
180 mgm. of the extra glucose excreted. Even if one as.sumed complete conver- 
sion of protein to glucose the extra protein broken down is still inadequate to 
account for the additional glj’'cosuria. However, it is not necessary to assume 
gluconeogenesis from any non-carbohydrate source to explain the obsei'\"ed 
effects in these e.xperiments, since the gh’^cosuria never exceeded the dietary 
intake of pre-formed carboh 3 '’drate. 

SUMMARY 

1. Growth hormone produced nitrogen storage and adrenocorticotropic hor- 
mone produced nitrogen loss in rats with alloxan-induced diabetes, both with 
and without exogenous insulin. 

2. Growth hormone occasionallj’" produced an increase and adrenocortico- 
tropic hormone consistent^ produced a marked increase of the glycosuria of 
rats Avith alloxan-induced diabetes, both Avith and AAothout exogenous insulin. 
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In 1943 Quick (1) observed that the prolonged prothrombin time of stored 
oxakted human plasma could be restored to normal by the addRmn of fresh 
rabbit or dog plasL treated with A1(0H)3 or by plasma from dicumarol poisoned 
animals On the basis of these observations Quick postulated the existence 
of two components of prothrombin: A, the labile factor that disappears from 
stored plasma, andB, which is readily adsorbed by Al(OH)p and is diminished 
in all the known conditions of hypoprothrombmemia. Since Lavei^e an 
Lavergne-Poindessault (2) claimed that alteration in the fibrmopn of stored 
plasma affected the prothrombin time, the action of fresh defibrmated labbit 
plasma treated with Al(OH )3 was tested on stored plasma. It was found 
that full restoration of prothrombin time occurred, which makes it obmous that 
the fibrinogen of stored plasma is not responsible for the delayed prothrombin 
time (3). In fact Honorato (4) has observed that the fibrinogen m stored plas- 
ma is actually easier to clot than that of fresh plasma. 

Relatively little is known concerning the labile factor that is destroyed by 
storage. Recently Honorato (4) has been able to concentrate the agent in 
fresh dog plasma and has found that it is more stable to heat than either fibrino- 
gen or prothrombin (component B). The r61e of the substance under discussion 
is not known. One of us (R. H.) believes it functions as a co-factor of thrombo- 
plastin, but to avoid confusion the agent will be referred to in this paper as the 
“labile factor.” The report of Owren (5) on a hemorrhagic condition in which 
the prothrombin time is prolonged, thus simulating a true hypoprothrombinemia, 
but which is actually due to a deficiency of a substance in plasma which is similar 
to or identical with the labile factor, makes it imperative to studj'’ further the 
influence of the latter on the prothrombin time determination. 

The effect on the ‘prothrombin time obtained by adding human and rabbit fi- 
brinogen to stored human plasma. The fibrinogen obtained from 3 cc. of fresh 
rabbit and Imman plasma (by adding 1.2 volumes of saturated sodium chloride 
to 1 Amlume of plasma) was redissolved in 2 cc. of stored human oxalated plasma. 
The following results were obtained: 

Experiment 1 

Prothrombin time* of stored plasma 35 sec.' 

Prothrombin time* of stored plasma + human fibrinogen 31 sec. 

Prothrombin time of stored plasma 75 sec . 

Prothrombin time of stored plasma + rabbit fibrinogen 15 sec. 

* By the method of Quick using acetone dehydrated rabbit brain as the source of throm- 
boplastin. 

^Fellow of the John Simon Guggenheim Memorial Foundation. Permanent address: 
Laboratorio de Quimica, Escuela Dental, Universidad de Chile, Santiago, Chile 
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It can be clearly seen that rabbit fibrinogen has a striking effect in decreasing 
the prothrombin time of stored plasma whereas human fibrinogen does not. 
In order to determine whether this is due intrinsically to the fibrinogen itself, 
or to an admixture of the labile factor and fibrinogen, the following experiments 
were done: 

Experiment 2 


1. Stored oxalated human plasma (Prothrombin time 75 sec.) 0.4 cc. 

2. Stored oxalated human plasma + rabbit fibrinogen (Prothrombin time 

•15 sec.*) 0.1 cc. 

Prothrombin time of mixture 18 sec. 

* From experiment 1. 


Experiment 3 


1. Stored oxalated human plasma (Prothrombin time 75 sec.) 0.1 cc. 

2. Same as plasma mixture 2 of expt. 2 except defibrinated* 0.1 cc. 


Prothrombin time of mixture 17 sec. 

* The stored human plasma with the dissolved rabbit fibrinogen was completely defibrin- 
ated with a small amount of thrombin and allowed to stand until all thrombin activity 
disappeared (as tested bj' mixing equal volumes of the defibrinated plasma -^nth fresh 
oxalated plasma and obtaining no coagulation). 

Obviously, the decrease in prothrombin time obtained by adding fibrinogen 

TABLE 1 


Thromboplastic potency of dehydrated rabbit brain and of lung {Maltine) 
on fresh and stored human plasma 




PROXnBOilBIN TIITE 




Rabbit brain* 

Lung (Maltine) 




sec. • 

sec. 


Human plasma, fresh 


12 

16 


Human plasma, stored I 


' 53 

35 


Human plasma, stored II 


64 

35 


Human plasma, stored III 


55 

35 


Human plasma, stored IV 


55 

35 


Human plasma, stored V 


61 

40 


Human plasma, stored VI 


62 

34 


Stored plasma 

0 .3 cc. 




Fresh hmnan alumina plasmaf 

0.1 cc. 

20 

25 


Stored plasma II 

0.3 cc. 




Fresh human alumina plasmaf 

0.1 cc. 

18 

24 


Stored plasma II 

0.3 cc. 




Fresh human alumina plasmaft 

0.1 cc. 

14 

21 



* Prepared according to the directions of Quick, 
t Plasma treated with 0.01 M Al(OH)s (4). 
tt Plasma treated with 0.005 M Al(OH) 3 . 
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to stored oxalated plasma is not due to the fibrinogen itself but to a small 
amount of the “labile factor” which is carried along as a contaminant. This 
is clearly shomi by the fact that the plasma to which the fibrinogen was added 
retained this accelerated prothrombin time even after the fibrinogen had been 
removed. Since rabbit plasma has a much higher concentration of the labile 
factor, it is logical to expect that rabbit fibrinogen should carry more of the con- 
taminant than human fibrinogen, which is clearly brought out by experiment 
1. Failure to recognize the possibility that fibrinogen may carry a significant 
quantit}' of the labile factor has led Loomis and Seegers (6) into the error of 
concluding that this factor (component A) is identical with fibrinogen. 

The thromboplastic adiviiy of dehydrated rabhii brain as contrasted xvith dried 
lung (Maltine)' when tested on fresh and. stored human plasma. The experimental 
procedure and the results are clearly presented in table 1. It will be noted 
that lung thromboplastin is definitely inferior to rabbit brain when tested on 
fresh human plasma, but shortens the prothrombin time of stored plasma more 
than rabbit brain thromboplastin. These divergent results can readily be e.x- 
plained. Lung which is^iifficult to free of blood contains an appreciable amount 
of the labile factor, whereas brain is practically free and represents the purest 
thromboplastin thus far obtainable. The relatively shorter prothrombin time 
of stored plasma to which lung thromboplastin is added results not onlj'- from 
the thromboplastin but also from a partial restoration of the labile factor. 
I^fiien fresh alumina plasma is added to stored plasma, rabbit brain again shows 
greater thromboplastic potenej’’ since the amount of labile factor supplied over- 
shadowed the amount in lung extract. The labile factor is to some extent ad- 
sorbed by Al(OH) 3 'and it can be noted that when a smaller amount of the ad- 
sorbent is employed, a greater shortening of the prothrombin time occurs. 

These observations have both theoretical and practical significance. It is 
doubtful whether a mixture of pure prothrombin, pure thromboplastin and cal- 
cium will react to form thrombin in the absence of the labile factor. It should 
again be emphasized that a lung extract can not be considered pure thromboplas- 
tin. Any tissue extract containing traces of blood null contain sufficient amounts 
of the labile factor to render the prothrombin determination inaccurate; and it is 
conceivable that a hemorrhagic diathesis such as reported by OuTen might be 
missed should the thromboplastin contain sufficient quantity of the labile factor 
to cover the deficiency in the pathological blood. 

SUMMARY 

The addition of fibrinogen from fresh plasma added to stored human plasma 
partially restores the delayed prothrombin time due to the fact that fibrinogen 
contains a small amount of the labile factor that disappears on storage. Eabbit 
fibrinogen contains more of the factor than human plasma. 

Thromboplastin prepared from lung is less potent on fresh plasma than that 
obtained from rabbit brain, but yields a shorter prothrombin time when added 

® Kindly supplied by Dr. Ralph S. Overman. 
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to stored plasma — a result explainable on the basis that lung thromboplastin 
contains a considerable quantity of the labile factor as a contaminant. 
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Quick (1-4) has published data showing that prothrombin activity, as meas- 
ured by the one stage method, is the result of the combination of two factors 
which he designated as prothrombin A and prothrombin B. The data on which 
this hjTJothesis was based have been confirmed by Oneal and Lam (5), by our- 
selves (6, 7), and partially by Loomis and Seegers (8). The latter authors, 
however, failed to find any alteration in the prothi-ombin content of plasma as 
the result of storage when determinations were made by the two stage method. 
The}’’ claim that the observation that there is a decrease in prothrombin acti'^dty 
in stored plasma, as determined by the one stage method, is due to a change in 
the reactivity of the fibrinogen and is not related to ihe prothrombin content 
of the plasma. They apparentl}’’ OAwlooked the fact that in both our publica- 
tions we stated that we added fibrinogen as a reagent to all tlie samples tested. 
They further state, that “no conclusions concerning prothrombin concentrations 
may be drawn from work dealing with species heterogeneous mixtures of plasma”, 
and that “in work with homologous species there is no sound evidence for a second 
prothrombin component.” 

In this paper we present data showing that even when materials from homol- 
ogous species are used there is still strong evidence for some factor which in- 
fluences prothrombin acti-vity and which is not fibrinogen. The presence of 
this factor has been demonstrated in defibrinated plasma fractions and in serum. 
We do not consider this factor to be a component of prothrombin, as stated by 
Quick. The data indicate that some factor is essential for the activation of pro- 
thrombin and we are pi-esenting suggestions as to the possible nature of this 
factor. 

Methods akd jlaterials. All plasma fractions used in this study were pre- 
pared from a pool of fresh rabbit plasma. Since the lack of agreement in the 
experimental data obtained by various workers is at least partially the result of 
failure to duplicate experimental conditions, we feel it advisable to present in 
detail the methods used in preparing these factors. 

Fibrinogen. Fibrinogen was prepared from fresh plasma according to the 
method described by Jaques (9). The purified product contained 250 mgm. of 
fibrinogen per 100 ml. This fibrinogen has been shown by electrophoresis to 
migrate as a single boundary at two separate pH Amlues (10) and has consistently 
had at least 99 per cent clottable protein. 

Plasma containing factor A. Two types of plasma containing factor A were 
used. One of these was obtained from a rabbit which had been given 5 mgm. 
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of dicumarol per kilo, bj’’ stomach tube, daily for a period of 7 days. The other 
was prepared by treating fresh plasma with aluminum hj’-droxide* as described 
bj’- Quick (1). Each of these plasmas were used both before and after defibrina- 
tion by the addition of its volume of thrombin^. 

Plasma containing factor B. Plasma containing factor B was obtained by ad- 
justing fresh oxalated plasma to pH 10.5 (7) and allowing it to stand at room 
temperature for four hours. After readjusting to pH 7.4, a part of this plasma 
was defibrinated b}'- adding thrombin. A second lot of the same plasma was 
defibrinated before the pH was adjusted to 10.5. 

Prothrombin determinations. Prothrombin was detennined by Quick’s method 
(11). This was modified in two respects: 0.1 ml. of fibrinogen prepared as de- 
scribed bj'' Jaques (9) was added to the plasma mixtures, and the thromboplastin 
suspension and calcium chloride solution were mixed in equal proportions; 
0.2 ml. of this mixture then was added to the plasma-fibrinogen mixture and the 
clotting time measured from this point. 

We have shown (7) that there is practically no change in prothrombin time 
over a fairlj'^ wide range of proportions of plasmas containing factor A and factor 
B. In studying the interaction of the various factor A and B preparations we 
have, therefore, used mixtures containing equal amounts of the two preparations. 
Prothrombin determinations were made on each of the A factor preparations, 
the B factor preparations, and on all possible combinations of these preparations. 
In order to determine whether heterogeneity of species was an important factor, 
all the A factor preparations were tested against a B factor preparation obtained 
from dog plasma, and some of the A and B combinations were tested using 
fibrinogen prepared from human plasma in place of the rabbit plasma fibrinogen. 

Prothrombin times were determined on a series of dilutions of the normal 
rabbit plasma used in the preparation of the various fractions employed in these 
experiments. In order to maintain comparable conditions, 0.1 ml. of fibrinogen 
was also added to the test mixtures in this dilution series. The percentage of 
prothrombin present in the various samples tested was deteimined from the curve 
obtained for the dilution series. 

Results. The data obtained in these experiments ai’e given in table 1, 
and the values for the dilution series on the normal plasma are shown graphically 
in figure 1. The percentage of prothrombin equivalent to the prothrombin times 
was read directly from the dilution curve for the samples containing only factor 
A or factor B. When mixtures of factor A and factor B were used, the B factor 
which we consider to be prothrombin is diluted 1:1. The prothrombin concen- 
trations of these mixtures were, therefore, determined by reading the concentra- 
tion equivalent to the prothrombin time and then multiplying this value by two. 

^ Wyeth's Amphogel, without flavor — ^This product conforms to the U.S.P. standards 
for aluminum hydroxide gel. We are indebted to Dr. Alfred Barol, Director of the Wyeth 
Institute of Applied Biochemistry, for supplies of this material, and for information re- 
garding its properties. 

- Parke, Davis and Company Thrombin Topical — 1 ampoifle being made up to a volume 
of 200 ml. with 0.15 N sodium chloride. We are indebted to Dr. Eugene C. Loomis for 
generous supplies of this material. 
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It is apparent from the data that there is a marked reduction in the pro- 
thrombin time bj'- the one stage method when plasma containing factor A is 
mixed in equal proportions with plasma containing factor B. That this effect 
is not due to the nature of the fibrinogen present is obvious since the same active 
fibrinogen was present in all tests and since closely similar results were obtained 
with samples which differed onlj’^ in the fact that one was defibrinated while the 
other was not. 

It is also apparent that mixing plasma preparations from different species 
does not markedlj’’ alter the type of results obtained. There is actually a some- 

TA.BLE 1 


The increase in prolhrombtn aclivity in mixtures of factor A and factor B 



A PREPNS. ALONeI 

1 

B-1 

B-ID 

B-2 

B-3 

sec* 

% 

sec. 

% , 

sec. 

70 1 

see. 

% 

sec. 

% 

Rabbit fibrinogen 

1 

B prepns. alone 


■■ 

28 

6 

26 

5 


i 

4 , 


3 

A-1 

220 

n 

11 

46 

11 

46 


46 

WM 

40 

A-ID 

136 

■■ 

13 : 

36 

12 

40 

11 

46 ' 

15 

28 

A-2 

300 

1 

17 

22 

16 1 

26 1 

15 i 

28 

19 

18 

A-2D 

300 

1 

13 

36 

11 i 

1 

46 1 

1 

12 i 

j 

40 

14 

30 

Human fibrinogen 

B prepns. alone 



■ 

■1 

31 

5 


4 



A-ID 

104 

1 1 

■ 


16 

1 28 


30 



A-2 

300 

1 

1 

H 

■ 

17 

22 

17 

22 




A-1 — Plasma from a dicumarol treated rabbit. 

A-lD — A-1 defibrinated. 

A-2 — Normal rabbit plasma treated with aluminum hydroxide. 

A-2D — A-2 defibrinated. 

B-1— Normal rabbit plasma kept at pH 10.5 for 4 hrs. and then neutralized to pH7.4. 

B-ID — ^B-1 defibrinated. 

B-2 — ^Defibrinated rabbit plasma treated as B-1. 

B-3— Dog plasma treated as B-1 but for 24 hrs. 

what better restoration of prothrombin activity when plasma preparations from 
a single species are used. 

In table 2 we present an experiment in which rabbit serum was tested for 
the presence of factor A. These tests were made approximately two hours 
after collecting the blood, and at that time the serum still had traces of prothrom- 
bin present. This observation is similar to that of Warner, Brinkhous and Smith 
(12) that dog serum contained 5 per cent of its original prothrombin three houz’S 
after the blood was collected. The serum contained no fibrinogen as shown by 
Its failure to clot on the addition of thrombin, and no thrombin as shorni by its 
allure to clot on addition of fibrinogen. However, when this serum was mixed 
with a B factor preparation, having a prothrombin time of 106 seconds, the pro- 
thrombin time of the mixture was 11 seconds. 

































5 20 40 60 80 

CONCENTRATION OF PLASMA 


412 


MURIEL PLATT MUNRO AN0 F. L. MUNRO 


Discussion. The data presented liere demonstrate that pi-otliromliin acti^dt}' 
as measured by the one stage technique is the result of the combination of tivo 
factors. They also demonstrate that filirinogen is not the factor responsible foi- 
the reactivation of stored plasma. Finalljq they demonstrate that studies made 
on preparations from plasma of a single species give results essentially the same 
as those obtained when preparations from plasma of different species are used. 

PROTHROMBIN TIME - SEC. 



TABLE 2 

The A factor activity of rabbit serum 



PJlOTHfiOMBIN TIME 

Rabbit serum 

see. 

Si 

106 

11 

B factor preparation 

1 part serum -p 1 part B factor 



'^^Tiile we do not consider that the data regarding the interaction of the B 
factor and the A factor can be explained on the basis of an alteration of the 
fibrinogen, we have also been led to the opinion that these data cannot be e.xplained 
on the basis of two separate components of prothrombin. We have shown (13) 
that after treating plasma with aluminum hydroxide to give an A factor plasma, 
it is still possible to elute a complete prothrombin from the aluminum hydroxide. 
Obviously, if the A and B factors were distinct separate components of pro- 
thrombin, the eluate should contain only component B, since component A is 
still demonstrable in the adsorbed plasma. Further, our demonstration that the 
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A factor is present in serum, free of both fibrinogen and thrombin, again indicates 
that the A factor is not a constituent of prothrombin. ^ , 

Since it has been shown that the observed data cannot be explained on the 
basis of either an altered fibrinogen or two separate components of prothrombin, 
we wish to suggest a third explanation of these data. We suggest that prothrom- 
bin be considered as a unitary principle as claimed by Loomis and Seegers (8). 
The prothrombin molecule, however, has as part of its stmcture a labile group 
which is inactivated by various procedures, such as storage both at neutral pH 
and more rapidly at more alkaline pH. This inactivated group can be partially 
reactivated by some other protein or proteins present in both plasma and serum. 

Prothrombin B should, therefore, be considered as prothrombin which has 
become partially inactivated by an alteration of the labile group of the molecule. 

Prothrombin A must, for the present, remain as an unloiowm factor of which 
little is known except that it is not fibrinogen, as claimed by Loomis and »Seegers 
(8). Their reactivation of inactivated prothrombin by the addition of fibrinogen 
preparations can only be interpreted as the result of the presence of traces of 
the reactivating factor as a contaminant of their fibrinogen. This interpreta- 
tion is confirmed by the fact that Deutsch and Gerarde (14), using fibrinogen 
prepared by the method described by Seegers et al. (1 5), failed to find any effect 
on the prothrombin time of stored plasma. We do not consider that it is ad- 
visable to attempt to formulate a name for this factor at the present time. 

Studies are in progress in this laboratory regarding the activity of various 
fractions of plasma obtained by electrophoretic fractionation. These indicate 
that the reactivating factor is present in most of the recognized electrophoretic 
fractions of plasma. These data will be published shortly. 

SUMMARY 

1. The restoration of prothrombin activity to stored plasma, and similar 
preparations, by aluminum hydroxide plasma or dicumarol plasma cannot be 
e.xplained on the basis of a change in the reactivity of fibrinogen. 

2. It is suggested that this inactivation of prothrombin is the result of inac- 
tivation of a labile group in the prothrombin molecule. This group can be reac- 
tii^ated by other proteins present in plasma and serum. 

We wish to acknowledge the technical assistance of Miss Annabel Avery. 

addendum 

Since this paper was sent to press, an extensive study by Paul A. OwTen 
(“The Coagulation of Blood. Investigations on a New Clotting Factor”, 
Thesis, J. Chr. Gundersen, Oslo, 1947) has come to our attention. He has con- 
cluded that pure prothrombin cannot be converted to thrombin in the presence 
of thromboplastin and calcium unless a further factor, which he has designated 
as factor V, is present in the mixture. The properties of factor V are in many 
ways similar to those of the activator, factor A, discussed in this paper. Studies 
are m progress to determine whether factor V and factor A are identical. 
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Ware, Guest and Seegers (J. Biol. Chem. 169: 231, 1947) have also reported 
on a factor in plasma -which accelerates the activation of prothrombin by-throm- 
boplastin and calcium. Further investigation is necessary in order to demon- 
strate the identit}'- or. non-identity of these three activators. 
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Uropepsin is a proteolytic enzyme resembling gastric pepsinogen ■\vliicli occurs 
in the urine of normal animals and man. Following complete gastrectoniy, 
or removal of the gastric mucosa, in dogs, it has been reported by several in- 
vestigators that uropepsin can no longer be detected in the ui’ine by means of 
the fibrin method (Frouin and Delczenne, 1 ; Alatthes, 2; T\'olgcmuth, 3; Calar, 
4). The fibrin method has long been abandoned as unreliable for uropepsin, 
yet the application of more acceptable methods to the confirmation of these 
observations has not been made. In re-investigating the physiology’’ of uropep- 
sin, the initial problem was to confirm the gastric source of this enzyune using 
a better substrate. 

In selecting the cat as the best animal on which to study tlie physiology of 
uropepsin, we have been guided by the observations of Peczenik and Kawahara 
(5) who report that of the common laboratoiy animals the cat eliminates uro- 
pepsin in the highest concentration and has the highest “anti-pepsin” titer in 
its blood. We have found that gastrectomy in the cat is followed in 2 to 6 
days by a complete disappearance of uropepsin from the urine when assay^ed 
by a hemoglobin method for pepsin adapted for use on the urine. 

Method. Four cats Avere prepared for this study by being deAVormed (tet- 
rachlorethylene) and then conditioned to a standard diet and routine. Each 
cat was housed in a cage supplied Avith a Avire false-bottom, so that fecal-free 
urine could be collected from the sloping floor into a 250 ml. beaker containing 
5 ml. of 0.5 N hy'-drochloric acid and some mineml oil. The diet consisted of 
frozen chopped horse meat, one pound of AA'hich A\’as reground and cooked daily. 
Each cat receiA'’ed 50 grams of the meat stcAV and 25 ml. of fresh milk three times 
a day. The cages Avere scrubbed daily^ The urine Avas collected once a day’’ 
and stored in the refrigerator until analyzed, usually the same day^ 

The operations were performed under ether anesthesia on animals that had 
been fasted 24 hours and atropinized 30 minutes previously’ (1 mgm. atropine 
sulfate subcutaneously). The technique of the surgery aa'us the same as used 
for dogs, and described by lA'y’’, Morgan and Farrell (G). The animals AA’cre 
alloAA’ed AA’-ater on the second post-operative day and offered food (fresh boiled 
milk or meat broth) on the third. If food and water Avere refused, phy^siological 
saline (50 ml.) Avas administered subcutaneously. The appetite of all animals 

Aided by a grant from the Committee on Therapeutic Research, Council on Pharmacy 
and Chemistry, American Medical Association. 

* Now in the Department of Biology at Univ. of 111., Navy Pier, Chicago. 

415 



416 


GLADYS R. BUCHER AND A. C. IVY 


was depressed following the operation and a Avide variety of food was offered 
to induce them to eat. Most success Avas achieA^ed AAoth sardines, and hard 
boiled jmlk of egg. 

The anabasis consisted in Amlume measurements anduropepsin assays. Uro- 
pepsin AA'^as assayed by the hemoglobin method as adapted for urine in apreAUOus 
study (Bucher, 7). All cats micturated as thej'’ aAA'akened from the ether. The 
post'OperatiA^e urines are therefore true post-operative e.xcretions. The pH 
AA'as taken on the urine and on sample digests of the urines to insure that the 

TABLE 1 


Su77nnary of the prcoj)C7-alivc dTfid postoperative xiropcpsin output 


CONTROL STUDIES BEFORE GASTRECTOMY 

CAT 1 

- 

CAT 2 

CAT 3 

CAT 4 

Period of observation (days) 

13 

1C 

IS 

23 

Mean 24-hr. urine (ml.) 

91 .6 

78.8 

98.4 

93.0 

Mean 24-hr. uropepsin output* 

31.9 

44.5 

41.8 

38.7 

Body weight (kilo) 

2.85 

3.15 

2.20 

2.10 

OBSERVATIONS FOLLOWING GASTRECTOMY 


i 



Uropepsin in first voiding* 

19.8 

Lost 

11.3 

18.4 

Uropepsin in second A’-oiding* 

3.7 

3.7 

Died 

None 

Uropepsin in third voiding* 

None 

None 


5.6 

Subsequent collections 

None 

None 


Tracef 

Period of observation (days) 

14 

27 

1 

117 

Days till zero uropepsin 

2 

3 


7 

Total postoperative uropepsin output. 

23.5 

3.7 

11.3 

42.6 

Mean 24-hr. urine (ml.) 

37.0 

48 .0 

44.0 

45.4 

Body weight at end of record (kilo).. 

2.15 

2.05 

2.10 

2.09 

Status of animal at end of record 

Dead 

LiAung 

Dead 

Living 

Survival period 

LiAmd 14 

Lived 64 

Lived 1 

Lived 144 


j days 

1 days 

I 

1 day 

1 

days 


* Uropepsin is e.vpressed here as milligrams of tyrosine. 

t On the 5th, 7th, and 14th postoperative collections a trace of uropepsin was present. 
Assays made at the SSth and 117th days, when the animal had regained its preoperative 
weight, and was eating well, showed no uropepsin was present. 

samples had been preserA^ed in the acid state and that the digestions AA'^ere con- 
ducted AAuthin the optimal range of pH 2.0 to 3.3. 

Results and discussion. It ma 5 '' be seen from table 1 that gastrectoms^ 
in cat 1 resulted in the complete absence of uropepsin from the urine after the 
second Abiding on the second post-operatiA’-e day. In 8 additional specimens 
in the 14-day survival period there A\’as no uropepsin. In cat 2, likeAAUse, uro- 
pepsin disappeared entirely by the second Avoiding on the third post-operatiA’'e 
day. In all of the 18 subsequent urine specimens, no uropepsin AA^as ever found. 
The appetite of this animal Avas extremely poor throughout the surAUA’^al period 
of 64 days and the Aveight loss Avas neA'-er arrested. Cat 3 liA^ed but one day. 
The most interesting data Avere obtained from cat 4. This animal did not mic- 
turate until the 5th post-operative day. The second urine on the 7th da}’’ con- 
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tained no uropepsin, yet intermittently a trace of enzyme activity was detected, 
i.e., on the 8th, 11th, 13th, 21st and 88th post-operative days. At two months 
nost-operatively, this animal was shipped to Philadelphia. Upon arrival, the 
body weight was 1.50 kilo as compared to the pre-operative weight of 2.10 
kilo, and the hemoglobin of 8.3 grams showed that a definite anemia was present. 
(Normal hemoglobin for cats is 1 1 to 12 grams per cent according to data com- 
piled by Wintrobe (8) ; the mean value for 3 normal cats in our laboratory was , 
11.9 grams.) The appetite was so poor that cream fortified with B vitamin com- 
plex was force fed with a medicine dropper and liver extract was given paren- 
terally. During the next two months the appetite improved, the body weight 
increased to 1.93 kilos and the animal became playful. A freshly voided urine 
specimen shoioed no uropepsin. Thus in all three of the cats which survived, 
uropepsin elimination ceased within 2 to 6 da 3 ^s following gastrectomy, and in 
the one animal which attained a satisfactoiy nutritional status in the 3rd to 5th 
post-operative month, there was no evidence of a return of uropepsin elimination. 

These results are consistent with the view that uropepsin arises at the stomach, 
is carried in the blood and eliminated in the urine. The removal of the stomach 
removed the tissue soui-ce and in a few daj'^s, when the kidneys had cleared the 
enzyme from the blood, uropepsin elimination fell to zero. 

The objection might be made that the failure to eliminate uropepsin was 
the result of the poor nutritional state of the animals. W^hile a reduced food 
intake can significantly depress uropepsin output, under the conditions of simple 
starvation, uropepsin elimination is never completely abolished. In our experi- 
ence, the refusal of food bj’’ normal cats is alwaj's followed b.v a marked reduction 
in uropepsin output, but it never falls to zero. In the gastrectomized cats, the 
uropepsin output fell to zero about the time thej' began again to eat, following 
the operation. The complete absence of uropepsin in the frcshlj' ^’oidcd urine 
of cat 4 at a time when this animal was eating well and gaining weight is further 
evidence that the alisence of uropepsin was due to the loss of the tissue of origin 
and not to inadequacies of food intake. TJie “trace” amounts of uropepsin 
assajmd in this cat during the first post-operative months maj’- have been due to 
' the presence of gastric tissue at the anastomosis, for upon the death of this ani- 
mal a few patches of gland resembling that of the cardiac stomach were found 
in histological sections of the esophageal-duodenal anastomosis. 

As a matter of history, the first reall^'^ effective removal of the stomach of an 
animal was achieved in 1894 by Carvallo and Parchon (9) on a cat which lived 
6 months. We believe this studj'- to be the second recorded observation on 
gastrectomized cats. In view of the ivell Icnowm relation between gastrectomj'' 
and anemia in other animals, and the severe^ reduced uropepsin elimination 
observed in patients with pernicious anemia (Rothschild (10), Farnsworth, 
Speer and Alt (11)) the progressive anemia observed in cat 4 is noteworthy. 

The anemia was discovered the 10th week after the gastrectomJ^ During 
the next 10 weeks, when the animal was gaining weight (1.50 to 2.09 kilo) the 
hemoglobin fell steadily from 8.3 to 7.5 and finally to 6.2 grams per cent. In 
this period, liver extract had been injected twice (15 units at a time) primarily 
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to stimulate the appetite. In the 19th post-operative week, the blood of this 
cat was studied, along vdth that of 3 normal cats to determine whether the ane- 
mia was of the secondary type which develops as a consequence of gastrectomy 
in other animals, i.e., the rat (12), the dog (6), the hog (13), the monlcey (14) and 
man (15). The er^Throcyte counts, hematocrits and the hemoglobin values, 
as well as the derived figures for mean corpuscular hemoglobin (hl.C.H.), mean 
corpuscular volume (M.C.V.), mean corpuscular hemoglobin concentration 
(M.C.H.C.) and the common blood indices for color, volume and saturation 
are listed in table 2. In comparison to the normal cats in the same laboratory 
(evaluated with the same instmments) the anemia of the gastrectomized cat 
was of the hyperchromic, macrocytic type; bj’- comparison to the normal values 
recorded in the literature (8), it was of the h 3 '’perchromic normocjdic type- 


TABLE 2 

Blood data from normal and gastrectomized cats 



NORUAt VALUES 
WItJTROBE (8) , 
APPENDIX A 1 

AVERAGES ON 

3 NORMAL CATS 

CAT 4, 19U'EEKS 
wixnouT 

A STOMACH 

CAT 4 AT 
DEATH 3 DAYS 
AFTER 1 DOSE 
IRO.V 

R.B.C. (million/cmm.) 

7.84 

7.55 

3. 68 

4.96 

Hematoorite* (cc./lOO cc.) 

40 .0 

37.9 

21.7 

27.0 

Hemoglobinf (gra./lOO cc.) 

11.6 

11 .9 

6.2 

. 7.4 

M.C.H. (micromicrograms) 

15.0 

15.7 

17.2 

14.9 

M.C.V. (cubic microns) 

57.0 

50.2 

59.2 

54.4 

M.C.H.C. (per cent) 

27.0 

31 .3 

28.5 

27.4 

Color Index 

1.0 

1.05 

1.13 

1.00 

Volume Index 

1.0 

0.97 

1.15 

1.07 

Saturation Index 

1.0 

1.08 

1.00 , 

0.93 

R.B.C.- diameter (micron) 

5.9 

6.2 







* Wintrobe tubes. 

t The oxyhemoglobin measured with Klett-Summerson photoelectric colorimeter 


There was no poikilocj’’tosis. The anemia customarity observed in gastrec- 
tomized animals is of the hypochromic and either microcytic or nonnocytic 
type which responds tvell in some species to parenterallj'’ administered iron. 

We had hoped to follow the response to injected iron, but unfortunatelj’' the 
cat developed a generalized infection and died 3 days after 0.75 mgm. ferric 
ammonium citrate tvas administered. The findings on the heart blood taken 
at the moment of death are given in table 2, but considering the toxic state of 
the animal, no significance can be attached to them. There can be no doubt 
that, prior to the attempted iron therapy in our gastrectomized cat, a non- 
regenerative anemia (oligocythemia) developed which was neither hypochromic 
nor microcytic. 


CONCLUSIONS 

1. In three cats which survived total gastrectomy 14, 64 and 144 days respec- 
tively, uropepsin disappeared completely from the urine in 2 to 6 daj’^s following 
the operation. 
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2. There was no evidence of a return of uropepsin elimination in one cat which 
suriuved 20 weeks, had regained the pre-operative weight and was eating well. 

3. The cat which survived 20 weeks developed a severe anemia which was 
neither of the hypochromic nor microcytic type. 
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It has been reported by W. F. Koch (1913) that three out of six parathy- 
roidectomized dogs under his observation excreted in their urine a considerable 
amount of a substance which b 3 ’' its melting point, chemical analysis and positive 
diazo reaction was recognized as histamine. He also found that all the operated 
animals excreted a large amount of methjd guanidine. Since the publication 
of Koch’s paper, Biyan, Minot and Chastain (1933) have shown that the ap- 
pearance of guanidine compounds is not a direct i-esult of paratliju-oidectom}^ 
but of the accompanjdng delij'^dration. As regards the alleged e.xcretion of 
histamine, no fuilher investigations have been reported. 

The amount of histamine base, excreted in tlie course of the 5 to 7 daj’^s of 
sui'vival of the animals, was in one of Koch’s dogs 0.34 and in another 0.24 
gram. The total amount of urine excreted b}’- one of the animals during the 
period of survival was 2250 cc. which gives an average concentration of hista- 
mine base of 100 to 150 pg/cc. The ma.ximal concentration of histamine base 
ever observed in dog’s urine on a heav.y meat diet was about 30 pg/cc. and after 
administration of conjugated histamine, 50 pg/oc. (Anrep, Aj’-adj’-, Barsoum, 
Smith and Talaat, 1944); the result of Koch’s observations obGousl.y required 
reinvestigation, especiallj'- since the author provides no analysis of normal dog’s 
urine and since, at the time of his experiments, it was not knomi that normal 
urine contains histamine. 

Our investigation was inade on 7 paratln’-roideotomized female dogs weighing 
9 to 14 kilos. As much th.yroid tissue as possible was left intact in three dogs; 
in the other four, the thvroid was removed together with the parathj'roids. 
One dog of the first group and one of the second survived the operation, probably 
on account of some parath 3 ’'roid tissue being overlooked. The other five dogs 
developed the usual s^miptoms of parathju-oid deficiencj’’ and died within 5 
to 8 daj^s after the operation. The urine Avas collected bj'^ catheter at 6 to 8 
hour interA'^als. Long Ijefore the obserA’^ations A\-^re begun all the dogs had a 
longitudinal incision made in the perineum to expose the urethra so as to facilitate 
the introduction of the catheter; 24 hour samples of the urine Avere analj'^sed 
eA'eiy dajq beginning from aljout 1 0 da 3 ''s before the parathyroidectom 3 ^ Chloro- 
form Avas added to the urine to preA'^ent putrefaction. The urine extracts, for 
the determination of the total and free histamine, AA^ere prepared as described 
133-^ Anrep and co-Avorkers (1944) and the assa 3 '’s Avere made on the guinea- 
pig’s ileum b 3 ^ the method of Barsoum and Gaddum (1935). The dogs AA'ere 
kept on a mixed diet consisting of AA'hite cheese, boiled rice, milk and one egg 
per da 3 ^ Some of the animals AA-ere giA-en 100 to 250 grams’ meat instead of 
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cheese. After the operation the dogs consumed only a part of the food and later 

refused it altogether. _ i , • 

Eesults. The two dogs which survived the operation showed no change in 

their histamine excretion. One of them receiving meat, excreted 28 mgm. 
histamine (calculated as diphosphate) during the 10 days preceding the opera- 
tion and 30.5 mgm. during the same period after the operation. The second 
dog received no meat; it excreted an equivalent of 1.8 and 1.5 mgm. histamine 
diphosphate during the 10 days before and after the operation respectively. 
The results obtained are summarised in the table in which the total amount of 
histamine and of the urine excreted during the sundval time and during the same 
number of days immediately before the operation are compared. 

TABLE 1 

Histamine excretion before and after parathyroidectomy 


The total amount of histamine (calculated as diphosphate) in milligrams excreted during 
the period of survival is compared with the. excretion which took place during the same 
number of days immediately preceding the operation. 


WEIGHT XS KILOS 

DAYS or SURVIVAL 

1 niSTASHNi; JN UGlt. (as 

1 dipdosmate) j 

VJtlSZ IN LITRES 

Before 

operation 

At death 

Before 

After 

Before 

After 

1 

13.1 

12.9* 

survived 

28.0 

30.5 

4.61 

6.39 

2 

10.6 

11.2* 

survived 

1.8 

1.5 

2.95 

2.49 

3 

9.5 

7.2 

8 

7 .7 

5.1 

2.70 

1.83 

4 

12.6 

8.5 

8 

1.9 

1.1 

3.97 

2.17 

5 

12.7 

9.6 

6 

6.9 

7.4 

2.60 

2.14 

6' 

13.2 

10.6 

7 

1.4 

1.7 

3.03 

1.04 

7 

14.5 

12.5 

5 

14.5 

10.1 

3.90 

2.60 


* Weight 10 days after the operation. 

Almost all the histamine was excreted in a conjugated form. 


It can be seen from the table that in all the operated dogs the excretion of 
histamine was not greatly changed. It is likely that the veiy large amount 
of histamine detected by Koch might have been due to accidental causes, 
such as a bacterial fonnation of histamine after the urine had been collected or 
a contact with the feces during its collection in the metabolic cage. Koch 
collected the entire urine excreted during the suiAdval period and analysed it 
in one lot. In our work the urine was analysed in 24 hour samples. 

The daily excretion of histamine showed in some animals considerable varia- 
tion before and after the operation. It always diminished towards the end 
of the survival period. In four animals the histamine excretion began to dimin- 
ish two to three days after the operation. The diminution continued together 
with the decline of urine formation and with the general deterioration of the 
animal. The concentration of histamine per cubic centimeter of urine showed, 
in these dogs, no significant change until the last few days of survival when it 
gradually declined. In one dog the histamine excretion ivas maintained at the 
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pre-operative level up to the last day when it suddenly dropped almost to zero. 
Since the diminution of the urine flow in this dog, as in all the others, was pro- 
gressive, the concentration of histamine per cubic centimeter of urine became 
conspicuousl}’’ increased especially'’ to the end. On the last day of surv’-ival the 
concentration of histamine like its total excretion abruptly declined. 

It has been shorni by Anrep and co-workers that all animals excrete, in addi- 
tion to conjugated histamine, traces of free histamine. In normal dogs free 
histamine occurs in concentrations of 0.01-0.3 ng per cc. of urine. The urine 
of parathyroidectomized animals did not differ in this respect from noimal 
urine. 


SUMMARY 

The observations of W. F. Koch that large amounts of histamine can be 
detected in the urine of parathyu-oidectomized dogs could not be confii’med. 
After the operation, histamine excretion either gradually declines until the 
death of the animal or is maintained at the pre-opel•ati^'e level and rapidly drops 
on the last day of the animal’s sur\dval. 

REFERENCES 

Anrep, G. V., M. S. A\"ady, G. S. Barsoum, J. R. Smith and M. Talaat. J. Physiol. 103; 
155, 1944. 

Barsoum, G. S. and J. H. Gaddum. J. Physiol. 85: 1, 1935. 

Brayan, W. R., a. S. Minot and L. L. Chastain. This Journal 106: 738, 1933. 

Koch, W. F. J. Biol. Chem..l2: 313, 1910. 

J. Biol. Chem. 16: 43, 1913. 



EFFECT OF ADRENAL CORTEX EXTRACT UPON THE 
TOLERANCE OF THE EVISCERATED RAT FOR 
INTRAVENOUSLY ADMINISTERED GLUCOSE 

DWIGHT J' INGLE, MILDRED C. PRESTRUD, JAMES E. NEZAAIIS 
and MARVIN H. lOJIZENGA 

From the Research Laboratories, The Upjohn Company, Kalamazoo, Michigan 
Received for publication June 3, 1917 

In these experiments eviscerated rats were given continuous intravenous 
infusions of glucose ■with and •s^dthout adrenal cortex extract and insuhn for 
periods of 2, 4 and 24 houi's. During the fu'st 4 hours there was no effect of 
adrenal cortex extract upon the glucose level of the blood. Within a 24-hour 
period adrenal cortex extract definitely depressed the tolerance for glucose in 
those rats which received insulin. In the absence of insulin the effect of adrenal 
cortex extract upon glucose tolerance was either absent or questionable. 

Methods. Male rats of the Sprague-Dawley strain were used. The diet was 
Purina Dog Chow. When the rats reached a weight of 185 to 205 grams, the 
inferior vena cava was ligated between the liver and kidneys in order to cause 
the development of a collateral circulation. Asepsis was preserved in this 
operation. When the animals reached a weight of 250 (±2) grams they were 
anesthetized (intraperitoneal injection of 18 mgm. of cyclopentenyl-allyl- 
barbituric acid sodium) and e^^scerated by the procedure described by Ingle and 
Griffith (1). All of the intra-abdominal organs were removed except the adrenals 
and the kidneys. 

The adrenal cortex extract was prepared from beef adrenal glands and repre- 
sented 40 grams of whole gland per cubic centimeter. It was free from alcohol. 
Intravenous injections of solutions containing varying concentrations of glucose 
and 0.9 per cent sodium chloride with and without crj’stalline zinc insulin (Lilly) 
(4 units per 24 hi-s. per rat) and adrenal cortex extract (Upjohn) were made by 
t-n'o continuous injection machines Avhich delivered fluid from each syringe at 
the rate of 20 cc. in 24 hours. Syringes of the Luer-Lok type w'^ere selected to 
deliver 20 cc. ■\Uth a stroke of 65 mm. Two syringes w^ere operated by one 
machine and six sjoinges by the second machine. Each macliine was po-wered 
by asjmchronous motor, and the reduction of motion was achieved by a precision- 
built S 3 ’'stem of gears so that an exact control of the rate of injection -n^as main- 
tained. 

The infusions ^tvere made into the saphenous vein of the right hind leg and were 
started -within five minutes following the removal of the liver. The animals were 
secured in a supine position on an animal board. In these hverless animals one 
im'tial dose of the barbiturate was sufficient to maintain effective anesthesia 
throughout the experiment. The temperature of the room was maintained at 
75 to 78 degrees F. and the humidity at 30 to 35 per cent of saturation. The 
glucose load is expressed as milhgrams of glucose per 100 grams of rat per hour 
(mgm./lOO/hr.). 
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The analyses of blood glucose were made bj-- the method of Miller and Van 
Slyke (2) and of urine glucose by the method of Benedict (3). This method for 
the determination of blood glucose measures small amounts of n on-fermentable 
reducing substances which accumulate in the blood of eviscerated rats. Samples 
of blood (0.1 cc.) were taken from the tail just prior to the beginning of the 
infusions, after 2 and 4 hours of infusion in experiment 1 and from the jugular 
vein at the end of 24 hours of infusion in expei-iment 2. The excreted urine was 
collected and preserved with thj^mol. The urine remaining in the bladder was 
added at necropsy. 

Experiments and results. In experiment 1 (fig. 1) 22 pairs of eviscerated 
rats were infused with glucose (18/100/hr.) without insulin and 21 pairs were 
infused vdth glucose (72/100/hr.) plus insulin for periods of 2 and 4 hours. One 



Fig. 1. Tolerance for glucose administered to eviscerated rats with and without insulin 
and adrenal cortex extract. Two and four hours of continuous intravenous injection. 
Means and individual values. 

rat of each pair received adi-enal coitex extract. There was no significant effect 
of adrenal cortex extract upon the level of blood glucose Mthin 4 hours of in- 
fusion. In each group there was an average rise in blood glucose during the 
second two hours of infusion as compared to the first two horns of infusion. 

In experiment 2 (fig. 2) the tolerance to glucose was determined oA'^er a 24-hour 
period. A series of eviscerated rats without insulin were studied at glucose 
loads of 4, 6, 8 and 10 mgm./lOO/hr. Twenty to 22 pairs of rats were tested 
at each of the four levels. A series of similar animals were given insulin irith 
glucose loads of 30, 32, 34, 36, 38 and 40 mgm./lOO/hr. Eleven to 12 pairs of 
rats were tested at each of the six levels. One rat of each pair received adrenal 
cortex extract. Among the animals which were not given insulin the effect of 
adrenal cortex extract upon the tolerance of these animals for glucose was either 
absent or questionable (8/100/hr. level, fig. 2). Among the animals given insuhn 
the administration of adrenal cortex extract caused a significantly greater rise 
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in blood glucose than was shown by the control animals at each level of glucose 
load. 

At the higher loads of glucose some of the insulin-treated rats showed glyco- 
suria. At a load of 36/ 100/hr. 10 of the 12 rats given adrenal cortex extract 
excreted from 24 to 200 mgm., and one of 12 control animals excreted 34 mgm. of 
glucose. At a load of 38/100/hr., 2 of the 11 rats given adrenal cortex extract 
excreted 36 and 111 mgm., and none of the 11 control animals had glycosuria. 
At a load of 40/100/hr., 9 of 11 rats given adrenal cortex extract excreted 26 to 
103 mgm. of glucose, and 4 of 11 control rats excreted 26 to 46 mgm. 



Fig. 2. Tolerance for glucose administered to eviscerated rats with and without insulin 
and adrenal cortex extract. Twenty-four hours of continuous intravenous injection. 
Means and individual values. 

Similarly, some of the animals given glucose ndthout insulin had glycosuria. 
At a load of 8/100/hr., 4 of 22 rats given adrenal cortex extract excreted 32 to 
118 mgm.; and 3 of the 22 control rats excreted 28 to 150 mgm. At a load of 
10/100/hr., 11 of 20 rats given adrenal cortex extract excreted 39 to 109 mgm., 
and 8 of the 20 control rats excreted 26 to 110 mgm. 

Discussion . There have been a number of earlier observations which indicate 
that the adrenal cortical hormones affect metabolic processes in the absence of 
the livei . In studies (4) on the e\iscerated, nephrectomized, adrenalectomized 
rat given glucose without insulin it was shown that adrenal cortex extract had a 
favorable effect upon survival times and upon ability to work. Russell (5) 
found that rats which had been adrenalectomized several daj'^s prior to “functional 
evisceration” had a higher rate of glucose utilization than non-adrenalectomized 
eviscerated rats; This change due to adrenalectomy could be prevented by the 
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administration of adrenal cortex extract at the time of evisceration or by the 
administration of 11-desoxycorticosterone prior to evisceration. Adrenal cortex' 
extract, but not 11-desoxycorticosterone acetate, prevented the rise in glucose 
utihzation in the hj^ophysectomized, ’eviscerated rat. It was suggested by 
Russell that the apparent effect of adrenal cortical insufficiency upon glucose 
utihzation in the eviscerated rat may have been due to the development of shock 
in these animals and that the effect of the cortical hormones was to prevent shock. 
Similarly, it was shown by Roberts (6) that adrenalectomy at the time of 
evisceration of the fasted rat produced a 50 per cent reduction in sur^dval time and 
an increased rate of blood sugar disappearance. Treatment vdth an oil con- 
centrate of hog adrenal gland had a small moderating effect in the adrenalecto- 
mized, eviscerated rat. Roberts has suggested that the primary effect of 
adi’enalectomy in the e\dscerated rat may be hemod 3 mamic rather than one of 
increased glucose utihzation. Selye and Dosne (7) and Reinecke (8) have re- 
ported that adi’enal cortex extract was without effect upon the blood glucose 
level of the hverless rat. The amounts tested were small, and it was not used 
in the insuhn-treated animal. 

The data of the present study confirm the tentative conclusions of an earher 
report (9) from this laboratory. Does the effect of adrenal extract in inliibiting 
the utihzation of glucose by the eviscerated rat represent the mechanism which 
causes adrenal diabetes and insuhn resistance in the intact rat (10)? The factor 
of hepatic gluconeogenesis is operative in the intact animal, but it is probable 
that inhibition of carbohydrate utihzation (oxidation, storage and conversion) is 
the maj or factor. It seems reasonable to postulate that the principal mechanism 
causing adi'enal diabetes in the intact rat is extra-hepatic and is identical .with 
the mechanism whereby the utihzation of glucose is inhibited in the eviscerated 
rat. Proof for this hypothesis is lacking. It would also be possible to explain 
the data of the present report by assuming that the cortical hormones stimulated 
gluconeogenesis in the kidney. These studies should be repeated in the eviscer- 
ated, nephrectomized rat. 

The changes in tolerance for carbohydrate in these experiments are small 
in comparison with the changes in tolerance for carbohydrate which represent 
adrenal diabetes in the intact rat. As a possible explanation, the duration of 
the present studies was 24 hours, whereas several days are required for the full 
development of adrenal diabetes (10). Moreover, the intact rat (11) can 
utilize much greater amounts of carbohydrate than the eviscerated rat. 

These results may relate to the findings of Price el al. (12) that certain adrenal 
principles modify the hexokinase reaction by intensifying the inhibitory effect 
of anterior pituitary extract upon the action of insulin. Is the effect of adrenal . 
cortical hormones upon the peripheral utilization of carbohydrate dependent 
upon the presence of insulin? Our results up to the present time would support 
this conclusion. However, we have not studied the effect of adrenal cortical 
insufficiency upon glucose utilization in the eviscerated rat in the presence and 
absence of insulin. Both Russell (5) and Roberts (6) have reported that adrenal- 
ectomy accelerated. the fall of blood glucose in eviscerated rats which received 
no insulin. 
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The favorable effect of adrenal cortex extract upon the survival time and 
work performance of adrenalectomized, nephrectomized, eviscerated rats has 
been noted (4). How does this effect of the cortical hormone relate to its 
inhibitory effect upon carbohydrate utilization as observed in the present study? 
Further Investigation of the effect of the cortical hormones upon work per- 
formance and collateral changes in glucose utilization in the adrenalectomized, 
eviscerated rat should throw hght on the r6le of the cortical hormones in body 
economy. 


SUMMARY 

Male rats (185-205 gi-ams) of the Sprague-Dawley strain were caused to 
develop a collateral circulation by ligation of the inferior vena cava. At a weight 
of 250 ± 2 gi'ams the animals were anesthetized (cyclopal), and all of the intra- 
abdominal organs were removed except the kidneys and adrenals. Infusions into 
the saphenous vein were made by continuous injection machines which dehvered 
fluid at a rate of 20 cc. in 24 hours per rat. Tlie change in the level of blood 
glucose during the subsequent 24 hours was the index of glucose tolerance. 

In experiment 1, 22 pairs of eviscerated rats were infused udth glucose 
(18/100/hr.) without insulin, and 21 pairs were infused udth glucose (72/100/hr.) 
plus insulin for periods of 2 and 4 hours. The administration of adrenal cortex 
extract in large amounts to one rat of each pair had no significant effect upon the 
level of blood glucose within 4 hours of infusion. 

In experiment 2 the tolerance to glucose wms determined over a 24-hour 
period. Eviscerated rats \vithout insulin Avere given glucose loads of 4, 6, 8 and 
10/100/hr. Tw'enty to 22 pairs of rats were tested at each of the four levels. 
Similar animals w'ere given insulin mth glucose loads of 30, 32, 34, 38 and 40/100/ 
hr. Eleven to 12 pahs of rats w^ere tested at each of the six levels. The admin- 
istration of adrenal cortex extract to one rat of each pair given insulin cavrsed a 
significant rise in blood glucose above that of the control animals but had only a. 
questionable effect in the animals not given insuhn. 


REFERENCES 

(1) Ingle, D. J. and J. Q. Griffith. Chapter 1C, The rat in laboratory investigation. 

J. B. Lippincott Co., Philadelphia, 1942. 

(2) Miller, B. P. and D. D. Van Slyke. J. Biol. Chem. 114: 583, 1936. 

(3) Benedict, S. R. J. A. M. A. 67: 1193, 1911. 

(4) Ingle, D. J. Proc. Soc. Exper. Biol, and Med. 39: 151, 1938, 

. (5) Russell, J. A, This Journal 140: 98, 1943. 

(6) Roberts, S. Endocrinology 39: 80, 1946. 

(7) Selye, H. and C. Dosne. This Journal 128: 729, 1940. 

(5) Reinecke, R. M. This Journal 140: 276, 1943. 

(9) Ingle, D. J. The chemistry and physiology of hormones. Publication of the Ameri- 
can Association for the Advancement of Science, 83, 1945, 

(10) j., R. Sheppard, J. S. Evans and M. H. Kuizenga. Endocrinology 37: 341, 

(11) Ingle, D.J. Endocrinology 39: 43, 1946. 

(12) FRice^,^W. H., M. W. Slein, S. P. Coloivick and G. T. Cori. Federation Proc. 6: 150, 



COMPARATI^^ EFFECTIA^ENESS OF ALBUIMIN, GLOBIN, HEMO- 
GLOBIN, GELATIN, OXYPOLYGELATIN, SALINE, RINGER’S, 
BLOOD AND PLASIMA UPON THE SUR'\HVAL OF RATS SUBJECTED 
TO STANDARDIZED SCALD BURNS' 

lAi. D. McCarthy and w. parkins 

With the technical assistance of Jban Contor and Douglas Heiner 

From the Harrison Department of Surgical liesearch, Sehools of ^[edieine, 
University of Pennsylvania, Philadelphia 

Received for publication June 4, 1947 

A survey of the literatiu-e on the treatment of burn shock discloses disagi’ee- 
ment among the many investigators regarding the tlicrapeutic efficacy of the 
various infusion fluids. It appears that, in general, emphasis is shifting from 
the concept of plasma deficiency and replacement to one of total body fluid 
distribution as influenced by deficiencies not. only in plasma colloid, but also in 
the extracellular electrolytes, particularly sodium. 

The criteria used by the A'arious investigators foi- judging the comparative 
efficacy of whole blood, red cell suspensions, plasma, saline, balanced ion so- 
lutions and plasma substitutes ha^’■e been different. The species of experimental 
anhnals, the conditions of the animals and the conditions unde]- which the experi- 
ments have been carried out have diffei cd gl•eatl 3 ^ Hence, the lack of agreement 
concerning the compai-ative efficacy of the infusion fluids tested is not surprising. 

In the expei'iments to be discussed below, the majoi- critei-ion of long-tei-m 
sui-sdval (ten daj^ peiiod) has been used to judge the i-elative efficacy of the 
various fluids studied. Hematocrit data have also been obtained and have 
demonstrated that although some fluids maj’’ adequatel.y control the hemocon- 
centration following thei-mal injui-y they do not necessai-iB'^ favorably affect 
survi^^al. 

The group of infusion fluids listed in table 1 were fested for their ability to 
promote the surwval of i-ats subjected to a standai’dized burn of approximately 
50 per cent lethality. A cursoi-y examination of this table suggests that rats 
sustaining this deguee of thermal injury were not in ci'itical need oi colloid I'eplace- 
ment since the use of a physiological saline solution (2 per cent of bodj^ weight) 
was followed by survi^^al rates not significanth’’ different from those obtained 
with whole blood, pla.sma, human sei-um albimiin oi- a gelatin solution in like 
amounts. 

Modifications in the expei’iment.al pi-ocedure wei-e made later in order to 
obtain an injur 3 '' of 100 per cent lethalit 3 '- in untreated animals. When such an 
'injury was obtained, it was found that physiological saline solution did not allow 
the same survh-al rate as a solution of serum alljumin in saline in voknnes of 

* The work described in this report was done under a contract recommended bj- the 
Committee on Medical Research between the Office of Scientific Research and Development 
and the University of Pennsylvania. 
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4 per cent of body weight. However, when a volume of 10 per cent of the body 
weight of physiological saline solution was infused no difference in sur\dval rate 
was obtained between the albumin solution and physiological saline solution 

(table 3). . . ^ . 

In order to test further the efficacy of sodium chloride a third series of experi- 
ments was performed in which two concentrations of sodium chloride solutions 
were compared vdth the following: plasma, scrum albumin (salt rich and salt 
poor), balanced ion solutions Avith and without potassium and a Ringer-I^ocke 
solution. 


TABLE 1 


Postburn survival rates of rats receiving 90°C. burn for IB seconds 
2% body weight infused — 1 infusion 





TER CENT SURVIVAL POSTINFUSION 


INFUSION FLUID 

RATS 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

5 days 

10 

days 

Whole blood 

20 

100 

100 

95 

95 

95 

95 

Plasma 

20 

95 

95 

95 

95 

95 

95 

Human serum albumin Cohn — 25 per 
cent 

20 

95 

95 

95 

95 

95 

95 

Saline 0.85 per cent 

20 ' 

100 

1 96 

90 

90 

90 

90 

Albumin 5.0 per cent 

20 

100 

1 90 

90 

90 

90 

90 

Knox P-20 gelatin 4 per cent solution. . . 

20 

100 

100 

100 

90 

90 

85 

Red blood cells in 0.S5 per cent saline . . 

20 

95 

90 

90 

90 

85 

85 

Oxypolygelatin 37°C. 5 per cent solution 
Pauling and Campbell 

20 

90 

SO 

1 

75 

1 

75 

75 

75 

Human hemoglobin 7 per cent solution 
Sharpe and Dohme 

20 

85 

75 

75 

75 

75 

75 

O.xypolygelatin 22°C. 5 per cent solu- 
tion 

20 

SO 

60 

60 

55 

55 

55 

Controls 

56 

89 

59 

55 

47 

47 

47 

Rat globin 1.5 per cent — Strumia 

8 

75 

63 

50 

38 

38 

38 


Results of these experiments have led us to conclude that under the conditions 
of our experiments survival rates can be correlated vdth the sodium chloride 
concentration and the fluid volume replacement. 

Experimental. In all experiments Wistar stock rats weighing betiveen 
190 and 210 grams Avere employed. Rats AA-eighing betAveen 150 and 190 grams 
obtained from the Wistar Institute A\"ere maintained in our laboratoiy on a diet 
of Purina Dog Checkers supplemented Avith aaRoIc milk for at least one Aveek 
prior to use. Healthy animals regularly gaining Aveight Avere selected from the 
stock room and moA^ed into the experimental room on the day preceding an 
experiment. On the morning of the experiment the rats AA^cre again carefully 
examined and Aveighed. Equal numbers of healthy rats AA-eighing betAA-een 
190 and 200 grams, and 200 and 210 grams Avere selected. These b}- random 
selection Avere dhdded into experimental groups each containing equal numbers 
of the tAvo weight ranges. 
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The unshaved rats under ether anesthesia were subjected to a standardized 
back burn (1) invohdng 32 ± 2 per cent of the total body surface in water at 
90°C. ± 0.25°C. In order to minimize variation all the burning was done by 
the same individual. 

In the fh-st series of experiments (table 1) an approximate 50 per cent lethality 
in the untreated animals was obtained by inunersion for fifteen seconds. In 
the other experimental groups all animals were immersed for thirty-five seconds 
winch produced a burn that was 100 per cent lethal to the untreated animals. 

Biu-ned areas of the rats were calculated from planimetric measurements of 
the injm’ed areas made at death or sacrifice of the animals (1). 

All infusions wei’e made under aseptic conditions without anesthesia into the 
internal saphenous vein exposed by a small sldn incision. Bleeding following 
infusion w^as controlled bj'’ applying pressure at the site of the needle puncture 
with a sterile gauze compress. 

Hematocrit samples wei'C obtained by nicking the lateral tail vein and drawing 
up approximately 0.01 cc. of blood into unifoi-m bore capillary tubes w'et with 
heparin solution. One end of tlie capiUaiy tube w^as then sealed in a flame 
from a microburner. All samples were centrifuged at 2,500 r.p.m. for thirty 
minutes (radius Ji cm. to Ijottom of tube). Equal niunliers of hematocrit 
samples w'ere obtained in simultaneous experimental groups, as the handling of 
the animals during this procedure w’as pre^iousl 3 ’■ found by one of us (1) to 
influence the suiwival rate. 

Whole blood for infusion w^as prepared on the day preceding its use approxi- 
mately eighteen hours before it w^as infused. Lai-ge rats, 300 to 400 grams, 
were fasted for twenty-four liours. They were then lightly anesthetized wdth 
ether and injected intravenousl 3 '^ with 100 Toronto units of Connaught heparin 
solution. The blood W'as wdthdraAvn from the left ventricle into a sterile sjoinge 
w'et with heparin solution. This blood’ w^as stored in sterile tubes at appro.xi- 
matelj'' 7°C. until just prior to its use. 

The plasma was prepared from wliole blood obtained in the manner just 
described. /Hter withdi-aw’al of the Avhole blood it was centrifuged in sterile 
15 cc. graduated centrifuge tubes packed in cracked ice at 2,500 r.p.m. for thirty 
minutes (radius 20 cm. to bottom of tube). The plasma w'as wnthdrawm into 
cold sterile 10 cc. syringes fitted with 3 inch 18 gauge hypodermic needles. 
Cai'e was exercised during tJie removal of the plasma in ordei* to avoid contami- 
nation bj'- the components making up the buffj’" coat. Plasma prepared from 
six animals at a time was pooled and stored in sterile containers at 7°C. for 
approximately eighteen hours piior to^nfusion. 

Red blood cells, to be suspended in ph 5 '’siological saline solution for infusion, 
were obtained from whole blood collected in the manner described above the day 
preceding their use. On the day of the experiment the whole blood wns centn- 
fuged in tubes packed in cracked ice for thirty minutes at 2,500 r.p.m. (radius 
20 cm. to bottom of tube) . Following centrifugation, the plasma, the components 
making up the huffy coat, and the top lajmr of red cells were i-emoved. To the 
remaining volume of red cells wms then added an equivalent volmne of physio- 
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logical saline solution. This cellular suspension was gently agitated before each 
infusion in order to obtain homogeneity of the mixture. 

Since seasonal variations in the animals and external conditions, such as room 
temperature and humidity, affected the survival rates, only those infusion groups 
in experiments which Avere done at the same season of the year and under com- 
parable emdronmental conditions have been compared. 

Eesults. Efficacy of fluid replacement {2 per cent of the body weight) in burns 
of 50 per cent lethality. In the series of experiments listed in table 1 all animals 
received a fifteen second burn as described aboA^e. Tavo liours folloAiang the burn 
infusions of the Amrious infusion fluids amounting to 2 per cent of the body AAuight, 
except the 25 per cent albumin solution, AA'ere introduced. The concentrated 
albumin solution was given in one fifth of this Amlume, containing an amount of 
albumin equivalent to 2 per cent of the body weight of the 5 per cent solution. 

In these experiments tAA'o infusion fluids AA^ere tested simultaneously in equal 
numbers of animals. Untreated conti-ols were recorded at various inteiwals up 
to ten days. 

With respect to the degi'ee of injury studied under the standard conditions 
outlined above no significant difference in efficacy existed between the folloAving 
infusion fluids: A\diole blood, plasma, 0.85 per cent physiological saline solution, 
5 per cent human albumin solution, the same dose of albiunin in 25 per cent 
solution, Knox P-20 gelatin (4 per cent) and erjd^hrocjdes in 0.85 per cent saline. 
All of these infusion fluids significantly unproved the surA’iA’-al rates of the injured 
animals compared to the untreated control animals as indicated by a P A’^alue 
of 0.02 or less calculated from the formula of Fisher foi’ fourfold tables (2). 

Oxypolygelatin heated to 37°C. and human hemoglobin significant!}’' increased 
survival. However, these two infusion fluids were less effectiA’'e than those dis- 
cussed above in increasing surAuval as indicated by a probability value of 0.05. 

Oxypolygelatin when administered at 22°C. did not significantly raise the sur- 
AUA’^al rate as compared to the untreated controls. 

Modified rat globin receiA’-ed through the co-operation of Dr. Max Strumia 
resulted in a slightly lower surAuval rate than Avas obseiwed in the controls. This 
material was an experimental batch and was not regarded as an entirely satis- 
factory product on the basis of the chemical criteria set up for controlling the 
production of modified human globin. Modified human globin was not well tol- 
erated by the rat. 

Table 2 gives the average hematocrit values as percentages of the pre-burn 
values. A pre-infusion value taken just prior to infusion or two hours phstburu 
and four postinfusion values taken at thirty minutes, two hours, five hours, and 
ten hours respectively were recorded for all groups. At ten houi’s postinfusion 
or twelve hours postburn all animals were given water ad lib. Twenty-four horn- 
postinfusion hematocrit values were then obtained on the animals that surAUA’ed. 

A study of the hematocrit data presented in table 2 shows the folloAi'ing: 

1. Among animals receiA/ing the same therapy surviving rats showed a lower 
average hemoconcentration than those that died. 

• 2. In comparing different therapeutic regimes animals infused nith red cells 
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in physiological saline solution, normal whole blood or hemoglobin solutions 
showed a gi-eater average hemoconcentration than the untreated controls or any 
of the other groups. 


TABLE 2 


Average hematocrit values as per cent of prehurn hematocrits for various infused groups 
2 per cent body weight infused — 1 infusion 


INTUSION FLUID 

POSTBURN 

PRE-INFUSION 

POSTINFUSION 

No. of 
rats 

1 2 
hours 

0.5 

hour 

2 

hours 




mm 

Whole blood 

7 

117 

129 


133 

m 

109 

Survived 


1 

125 

147 


156 

H 

144 

Died 

Plasma 

12 

128 

110 

117 

118 i 

112 

98 

Survived 

Human serum albiunin Cohn 

9 

125 1 

102 

112 

121 

124 

103 

Survived 

— 2b per cent 

B 

125 

104 

124 

132 

1 



Died 

Saline 0.85 per cent 

B 

134 

133 

123 

124 

127 

94 

Survived 


H 

142 

109 

1 

134 

124 



Died 

Albumin 5 per cent 

8 

130 

110 

120 

127 

127 

107 

Survived 


1 

119 

98 

122 

CO 

130 


Died 

Knox P-20 gelatin 4 per cent ■ 

9 

125 

100 

108 

1.14 

121 


Survived 

solution 

1 

131 j 

104 

114 

124 

126 

IQ 

Died 

Red blood cells in 0.85 per 

8 

120 

144 

143 

141 

149 

III 

Survived 

cent saline 

2 

128 

149 

151 

157 

156 


Died 

Oxypolygelatin 37°C. 5 per 

8 

126 

102 

1 

111 

119 

i 

121 

102 

Survived 

cent solution Pauling and 

2 

130 

102 

111 

124 

131 


Died 

Campbell 









Human hemoglobin 7 per 

6 

127 

109 

123 

135 

131 

118 

Survived 

cent solution Sharp and 

4 

134 

109 

126 

133 

153 


Died 

Dohme 









Ox3T5olygelatin 22°C. 5 per 

3 

117 

104 

109 

112 

117 

104 

Survived 

cent solution 

7 

126 

100 

-110 

123 

124 

111 

Died 

Controls — untreated 

13 

117 

126 

125 

123 

123 

108 

Survived 


15 

124 

124 

130 

135 

134 

138 

Died 

Rat globin 1.5 per cent — 


127 

122 

123 

106 

103 

78 

Survived 

Strumia 


129 

138 

129 

117 

126 

114 

Died 









— 


3. Surviving animals receiving plasma began to reconstitute their normal cell- 
plasma ratio levels between five and ten hours postinfusion. The other groups 
did not begin to reconstitute this normal cell-plasma ratio until after ten hours 
postinfusion, at which time water was given. 
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Comparative efficacy of Ji per cent and 10 per cent of the body tveight replacements 
in 100 per cent lethal burns. The data presented in table 1 suggested that rats 
subjected to scald burns according to the technique outlined above were not in 
critical need of colloid replacement, since they were effectively treated by physiol- 
logical saline solution. In order to determine whether this form of therapy is 
adequate regardless of the severity of injury or only ndthin limited degrees of 
trauma, the experimental conditions were altered to produce a 100 per cent mor- 

TABLE 3 


Posibiim survival rates for various infused groups of rats burned at 90°C. for SB sceonds 


mrtjsioN rLTTiD 

NO. OP 
RATS 

1 PER CENT SURVIVAL POSTINPUSION 

1 

8 noniis 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

10 

days 

Untreated controls 

50 

60 

1 

10 

0 

0 

0 

0 


4 per cent body weight infused — 2 infusions 


0.85 per cent NaCl 

14 

100 

86 

29 

29 

29 

29 

Human serum albumin 5 per cent solu- 
tion* 

14 

100 

93 

1 

86 

! 

86 

86 

86 

Knox P'20 gelatin 4 per cent solution ... 

14 

93 

36 

0 

® 1 

0 

0 


0.8 per cent body weight infused— -2 infusions 


Human serum albumin 25 per cent solu- 



! 




t .1 c\r\ 

4 

100 

50 

0 

0 

0 




10 per cent body weight infused — 3 infusions 


0.85 per cent NaCl 

: 14 

100 

100 

86 

86 

86 

86 

Human serum albumin 4 per cent solu- 
tion 

14 

100 

100 

93 

93 

86 

86 

Knox P-20 gelatin 4 per cent solution... 

14 

100 

1 

79 1 

j 

64 

57 

50 

50 


1.6 per cent body weight infused — 3 infusions 


Human serum albumin 25 per cent solu- 







tion 

^ i 

100 

50 

0 

0 

0 


* Diluted from 25 per cent stock solution containing 0.3 M NaCl with “physiological 
saline”, the precise content of which was not analyzed. Later analysis of samples from 
the same source showed a considerable range of variation. 

tality in the untreated control animals. The experimental conditions were main- 
tained as outlined above \vith the exception that the length of the immersion time 
was increased from fifteen seconds to thirty-five seconds. A total of twenty-four 
rats were burned for thirty-five seconds and received no treatment. All were 
dead rvithin twenty-four hours (table 3). 

Three groups of fourteen rats each were subjected to the thuty-five second 
burn, and each group was infused postburn with one of the following fluids: 0.9 
per cent physiological saline solution, 4 per cent Khox P-20 gelatin, and 5 per 
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cent human serum albumin solution diluted from the 25 per cent stock solution 
mth physiological saline. A fourth group of four rats was burned in a similar 
manner and infused after the burn unth one-fifth the volume of a 25 per cent 
albiunin solution. 

All rats in each of the first three groups were infused with 2 per cent of their 
body weight at two hours after the burn and 2 per cent of their bod 3 '' weight at five 
hours after the burn, a total of 4 per cent of their body weight. All rats in the 
fourth gi'oup, receiving the 25 per cent albiunin solution, were infused vith 0.4 
per cent of their bodj’- weight at the same intervals or a total of 0.8 per cent. 
All animals were given water ad hb at twelve hours postburn. 

Hematocrit samples were usually obtained from half of the rats in each gi'oup 
at the following intervals: pre-burn, two hours postburn, pre-infusion and five 
minutes postinfusion; five hours postburn-pre-infusion and five minutes postin- 
fusion and ten hours postburn (table 4). 

Table 3 shows the sur^dval percentages at intervals for a ten day period. These 
sundval percentages showed no changes between twenty -four hours and ten daj'^s. 
Twenty-nine per cent of the sahne-infused rats sundved; 86 per cent of the 5 
per cent albumin-infused rats survived; none of the 25 per cent albumin-infused 
and none of the gelatin-infused animals survived. 

The efficacj'" of the 5 per cent solution of human serum albumin in these ex- 
periments showed a significant impi'ovement in the sundval rate compared to 
the 25 per cent albumin solution, physiological saline solution and ICnox P-20 
gelatin. Subsequent expeidments indicated that the difference between 5 per 
cent albumin and saline was due to higher sodium chloride concentration in the 
former. 

In vieiv of the residts obtained by Tabor and Rosenthal (3, 4) vdth saline 
therapj’- in shock, it was decided to repeat the experiments using larger volumes 
of the infusion fluids. 

A second series of experiments was performed in which three groups of fourteen 
rats each and a fourth group of four rats were subjected to a thirty-five second 
burn under conditions similar to those described above. All the rats in each of 
the first three groups were infused with a total of 10 per cent of their body weight 
as follows: 4 per cent two hours after the burn; 3 per cent five hours after the 
burn and 3 per cent ten hours after the burn. One gi’oup received 0.85 per cent 
physiological saline solution; a second group received 4 per cent human serum 
albumin, and the third group received 4 per cent Knox P-20 gelatin. The rats 
in the fourth group received a total of 1.6 per cent of their bod 3 ’- weight, hence 
the same gi’am equivalent of 25 per cent albiunin as those infused with the 4 per 
cent albumin solution. This infusion was administered in three equal volumes 
at the same time intervals. ' Hematocrit samples were taken on half of the rats 
in each group at the same time intervals recorded above (table 4). 

Survival percentages are recorded for a ten da 3 ’’ period in table 3. With the 
increased volume of the infusion fluid, survival of the gelatin-treated animals 
significantly increased from 0 to 50 per cent; survival of the saline-treated animals 
significantly increased from 29 to 79 per cent. No difference in sundval rate 
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was obtained with the 4 per cent albumin solution, and none of the four rats 
which received the 25 per cent albumin solution survived. Hence, in this series 
of experiments no significant difference in survival obtained between the saline 


TABLE 4 


Average hematocrit values as per cent of ■preburn hematocrits far various infused groups of 

rats burned at 90°C. for 35 seconds 


INTUSION TLUID 

i 

1 

NO. OF 
RATS 

1 

TIME AFTER BURN 

END RESULT 

1 

2 hours 

1 _ 

S hours 

10 hours 

24 

hours 

Pre- 

intu- 

sion 

Post- ' 
infu- 
sion* 

Pre- 

infu- 

sion 

Post- 

infu- 

sion* 

Pre- 

infu- 

sion 

Post- 
infu- 1 
sion* j 

i 

Uninfused controls 

8 

126 

■ 

125 

■ 

■ 

■ 

■ 

Died 


4 per cent body weight infused — 2 infusions 


0.85 per cent NaCl 

1 

2 

129 

128 

135 

131 

120 

■ 

115 

Survived 

5 

125 

119 

126 

111 

115 

■ 


Died 

Human serum albumin 5 per 

5 

118 

91 

116 

81 

111 

■ 

102 

Survived 

cent solution 

2 

119 

93 j 

116 

76 

103 

■ 


Died 

Knox P-20 gelatin 4 per cent 

D 

116 

87 

108 

77 

105 

■ 


Died 

solution 

II 


1 

1 



■ 




0.8 per cent body weight infused — 2 infusions 


Human serum albumin 25 

2 





116 

■ 

■ 

Died 

per cent solution 

i 





i 


H 



10 per cent weight infused — ^3 infusions 


0.85 per cent NaCl 

8 

123 

95 

122 

81 

112 

84 ' 

91 

Survived 


3 

117 


128 


118 



Died 

Human serum albumin 4 per 

6 

121 

91 

114 

67 

104 

65 

94 

Survived 

cent solution 

2 

112 

1 

91 

no 

86 

103 

71 

95 

1 Died 

Knox P-20 gelatin 4 per centi 

3 

111 1 


107 

97 


76 


Survived 

solution 

4 

119 

83 

100 

81 

1 

96 

79 

1 

79 

Died 


1.6 per cent body weight infused — 3 infusions 


Human serum albumin 25 | 

1 ^ ^ 

120 1 

82 ! 

111 

90 

118 

108 


per cent solution 



1 

1 

1 






* 5 minutes postinfusion. 


and the 4 per cent albumin-infused animals, but both of these show a statisticaUy 
significant improved survival rate when compared to gelatin. In this series, as 
in the former, a significant difference in survival was obtained between the diluted 
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and concentrated albumin solution. In these expei-iments the results indicate 
that the colloid is of limited value without concomitant administration of an ade- 
quate salt and fluid volume. 

Examination of the hematocrit data recorded in table 4 for these two seiies 
of experiments indicates the following: 

1. Saline-ti'eated survi^ang animals receiAung an infusion of 4 per cent of the 
body weight had hemoconcentration percentages similar to the untreated controls 
which died. All other infusion fluids in these experiments of both surviving and 
dead animals produced greater hemodilution than the untreated control animals. 
Hence, it ma 3 ’' be concluded that hemoconcenti-ation per se is not responsible for 
death in these experiments. 

2. Significant hemodilution values following saline infusion were obtained onij" 
after the larger infusion volumes (10 per cent of the bodj'^ weight). 

3. Rats infused with gram equivalents of concenti-ated albumin solution (25 
per cent) were unable to maintain hemodilution values equivalent to those of 
rats infused vath diluted albumin solution (4 oi- 5 ]3er cent). ' 

4. The hematocrit data seem to offer no explanation as to the cause of the 
ineffectiveness of the gelatin infusions in promoting suiAival. Hemoconcentra- 
tion can be ruled out as a contributing factor since at most inteivals the hema- 
tocrit percentages for the gelatin-infused animals were consistent!}’- loAver than 
those of the other groups. 

Comparative efficacy of 4 per cent of the body weight wfvsions in 100 per cent 
lethal burns of solutions containing different concentrations of sodium chloride alo7ie 
and in combination with other ions and colloid. The results of the experiments 
listed in table 3 with 4 per cent replacements showed significantly impro-\'-ed sur- 
■vival rates of the 5 per cent albumin-treated animals compared with those re- 
ceiving physiological saline solution. The 5 per cent albumin solution was 
prepared by diluting one volume of the 25 per cent solution (in 0.3 molar sodium 
chloride) vfith four volumes of a 0.9 per cent sodium chloride solution. Ihe 
resulting saline concentration of the infused 5 per cent albimim solution was 1.06 
per cent. Since no animals had been infused with a hypertonic saline solution 
(1.06 per cent) and since experimental eAudence (table 3) showed that an increased 
volume of a 0.85 per cent sodium chloride solution was as effectiA’-e in promoting 
surviA'-al as the 5 per cent albumin solution, it seemed necessary to compare the 
hypertonic saline solution simultaneously AAdth the 5 per cent albumin solution 
containing 1.06 per cent sodium chloride. 

In the last group of experiments (table 5) the sodium chloride concentration 
of 5 per cent albumin AA^as made up to 1.06 per cent on the assumption that the 
5 per cent albumin used in the experiments summarized in table 3 had been 
diluted AAdth 0.9 per cent sodium chloride. Actually the diluent was physiological 
saline solution as prepared for hospital use, and subsequent analysis of a number 
of samples from the same sources shoAA^ed considerable A'-ariations in concentration. 
This may have been a factor in the discrepancy betiAnen the 86 per cent surAUA’^al 
found (table 3) and the 60 per cent surAUA'-al found (table 5). 

In order to try to separate further the effects of the sodium chloride per se, 
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a salt-poor albumin was tested in rats subjected to the 100 per cent lethal burn. 
Four groups of animals were tested in experiments conducted simultaneously- 
according to the procedure described above. One group received a 5 per cent 
solution of albumin which Avas prepared by diluting one volume of the 25 per 
cent salt-poor stock solution (containing 0.3 gram of sodimn ion per 100 cc.) 
vith four volumes of 0.9 per cent sodium chloride solution. Tlie resulting sodium 
chloride concentration of the 5 per cent solution was 0.87 per cent. A second 
group, serAung as a sodiiun chloride control group for the first, received 0.85 per 

TABLE 5 


Postburn survival rates of various infused groups of rats itimed at 90°C. for SS seconds 
4 per cent bodA^eiglit infused — 2 infusions 



NO. OP 


PER CENT SURVIVAL 


INFUSION FLUID 

llATS 

8 

hours 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

10 

days 

5 per cent albumin* in 1.06 per cent 
NaCl solution 

20 

75 

70 

60 

60 

60 

60 

1.06 per cent NaCl solution 

20 

85 

70 

60 

55 

55 

55 

5 per cent albumin* in 0.87 per cent 
NaCl solution 

20 

80 

55 

30 

30 

30 

30 

0.85 per cent NaCl solution 

20 

55 

40 

35 

25 

25 

25 

5 per cent albumin* in 6 per cent glucose 
solution 

14 

9 

0 

0 

0 

0 

0 

6 per cent glucose solution 

7 ' 

0 

0 

0 

0 

0 

0 

Citrated rat plasma 

14 

72 

50 

36 

29 

29 

29 

Ringer-Locke K-free NaCl (9.35 gm.) 
CaCb- 2H2O (0.24 gm.) MgCb- 
6H2O (0.005 gm.) dextrose (0.5 gm.) 
NaHCOa (0.5 gm.) H2O (1000 cc.) 

20 

1 

70 

40 

1 30 

i 30 

30 

30 

Kreb’s dextrose Ringer NaCl (6.95 gm.), 
KCl (0.35 gm.) CaCl!-2H20 (0.37 gm.) 
dextrose (1 gm.) NaHCOj (2.1 gm.) 
Sorensen phosphate (0.16 gm.) 
MgS04-7Hj0 (0.3 gm.) H2O added to 
make 1000 cc 

14 

1 

71 

36 

1 

29 

29 

29 

29 

NaCl (8.7 gm.) CaCb (0.37 gm.) 
MgCl2-6H20 (0.2 gm.) H2O 1000 cc.... 

14 

57 

43 

29 

29 

29 

29 

Untreated controls 

48 

59 

11 

0 

0 

0 

0 


* Human serum albumin. 


cent sodium chloride solution. A tliird group received a 5 per cent albumin solu- 
tion in dextrose. This solution was prepared by diluting one volume of the 25 
per cent salt-poor stock solution with four volumes of a 6 per cent dextrose solu- 
tion. The resulting sodium ion concentration Avas 0.06 per cent. The fourth 
group, serving as a control for the thhd, receiA'-ed a 6 per cent dextrose solution 
The survival percentages of these four groups (table 5) show no significant 
flerence in survival: a, betAA^en the group of animals AA^hich received 5 per cent 
albumin in 0.87 sodium chloride (30 per cent) and their controls which received 
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0.85 sodium chloride (25 per cent), nor b, between the animals which received 
5 per cent albumin in 6 per cent dextrose and their controls, which received 6 
per cent dextrose solution, both showing a survival percentage of zero. H owever, 
the rats which received a 5 per cent solution of albumin in 0.87 per cent sodium 
chloride had a significantly higher survival rate (30 per cent) than those which 
received a 5 per cent albumin solution containing 0.06 per cent sodium ion (zero 
survival). 

Since these results clearlj’’ indicated that under the conditions of tliese experi- 
ments colloid (albumin) udthout sodium chloride would not promote sundval 
significantly and that colloid added to saline was of no greater benefit than saline 
alone, the question arose concerning the possible enhancement of the r'^alue of 
saline when in combination ndth other ions. 

Using the same procedure emploj^ed in the above groups, three solutions of 
various ionic components and concentrations were compai’ed with citrated j’at 
plasma. 

The results of these experiments (table 5) showed no significant differences in 
survival percentages of any of the four solutions compared to those of tlie i-at 
plasma or the physiological saline solution. 

Hematociit values, as per cent of pre-burn hematocrits, aih recorded in table 6 
for those burned rats which received the infusion fluids listed in table 5. In 
most experiments half of the rats in each group were subjected to hematocrit 
sampling. Of these, the average hematocrit values for those that sur\ived and 
those that died have been recorded separately. Only two values for untreated 
controls were obtained because of the early demise of these animals. 

Fi’om table 6 the following general trends of the hematocrit follomng this de- 
gree of injury and subsequent infusion can be noted: 

1 . Postburn, postinfusion values for all sinndving rats were lower than the post- 
burn value for the controls. 

2. The difference between the values for surrdvors and dead animals in most 
groups was negligible. 

3. In both sm’viAdng and dead groups albumin-infused animals .showed con- 
sistently greater hemodilution than their respective controls. , 

4. No consistent correlation between survival and hemoconcentration was 
obtained. 

Discussion. The Wistar rat is particularly well suited to the study of one 
major criterion, namely “survival”, under strictly standardized conditions of pro- 
cedure. Numbers sufficient for statistical anal 3 '’sis can readily be obtained. 
However, in the rat studies of blood chemistry are limited by the difficulty of 
obtaining blood samples ; hkewise, physiological data are limited by the influence 
of necessary manipulation upon survival time. 

In order to make full use of the principal advantage of this species, namely 
survival, only one additional criterion was employed in this study — ^liemodilution. 
Considered as an approximation of directional changes in plasma volume hema- 
tocrit determinations were made in half of the animals in most groups. The 
survival rates were significantly decreased by the manipulation of the animals 
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and the ndthdrawal of a total of approximately 0.06 cc. of blood from the tail 
vein. 


TABLE 6 

Average hematocrit values as per cent of prebum hetnalocrits for various infused groups of 

rats burned at 90°C. for SB seconds 
4 per cent body weight infused — 2 infusions 


INFUSION FLUID 

NO. OF 
EATS 

2 hours 

TIME AFTER BURN 

S hours 

10 

hours 

12 

hours 

ENE RESULT 

Fre- 

inlusion 

Postin- 

lusion** 

Pre- 

inlusion 

Postin- 

fusion** 

Uninfused controls 

, 8 

1 

126 


125 

i 

i 

1 

1 

1 

Died 

5 per cent albumin* in 1.06 

4 

118 

83 ! 

107 

1 

78 i 

1 

99 ^ 

97 

Survived 

per cent NaCl solution 

6 

121 

74 ; 

109 

73 

103 


Died 

1.06 per cent NaCl solution 

4 

117 

111 

119 

no 

109 

93 

Survived 


6 

122 ' 

112 

118 

no 

100 


Died 

6 per cent albumin* in 0.87 

2 

121 ! 

1 

91 

113 

85 

105 

lOS 

Survived 

per cent NaCl solution 

8 

121 

88 

120 

82 'i 

106 

111 

Died 

0.85 per cent NaCl solution 

2 

113 

111 

111 

104 

111 

100 

Survived 


5 

115 

107 

118 

101 

1 

115 

115 

Died 

6 per cent albumin* in 6 per 

7 

122 

90 

124 

1 

74 



Died 

cent dextrose solution con- 









taining 0.06 per cent Na 


1 



1 

1 

1 


ions 


1 


1 





6 per cent dextrose solution 


118 

106 

111 

79 



Died 

Citrated rat plasma 

1 

120 

95 

124 

89 

114 

96 

Survived 


! 5 

116 

90 

114 

79 

106 


Died 

Ringer-Locke K-free 

4 

125 

107 

122 

102 ' 

108 

99 

Survived 


3 

120 

I 111 

1 

116 

105 



Died 

Kreb’s dextrose Ringer 

1 

123 

1 

112 

119 

106 

no 


Survived 


6 

i 

134 

122 

130 

117 

132 


Died 

NaCl (S.7 gm.) CaCb-2HjO 

1 

118 

102 

no 

1 

102 

no 

: 90 

Survived 

(0.37 gm.) MgCh-eHaO 

4 

113 

104 

120 

100 

106 

1 

Died 

(0.2 gm.) H.O 1000 cc. 







i 



* Human serum albumin. 
** 5 minutes postinfusion. 


The injection rate employed in unanesthetized rats is usually greater than that 
commonly employed in the dog or clinically in patients. The more rapid rate 
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of injection ina. 3 ^ detract from the efficacy of certain solutions, such as gelatin 
and 26 per cent albumin or the erythrocyte derivatives, globin and hemoglobin. 
In any case, rapid all orations in fluid distiibution, cardiac output, and peripheral 
circulation resulting from rapid injection of osmotieally active colloid solutions 
known to be more viscous than plasma or known to produce vasomotor reactions, 
may be less beneficial than the slower compensations following slow rates of 
infusions. 

In comparing tlie therapeutic response of rats vdth that of dogs or patients 
to fluid replacement folloAving thermal injury, one species variation might be con- 
sidered, i.e., changes in bodj”- temperature. The rectal temperatures of a few 
rats (not included in the surviA'^al data) subjected to the procedure employed in 
this study declined as much as 10° to 12°F. This is in striking contrast to the 
increases in bodj' temperature of dogs and man follmwng thermal injury involving 
such a large percentage of the bod 3 ’' surface. Possibl 3 '' because of the physical 
property of Adscosit 3 '’, gelatin solutions ma 3 ' be less effective AA'here there is a de- 
cline in body temperature. Viscosit 3 '' of the gelatin solution is markedly increased 
b 3 ’- a drop of 10°r., Avhich Avould tend to increase resistance to blood floAv in small 
caliber A'^essels, such as the capillaries. 

The above factors are mentioned since they are thought to be pertinent to 
an attempt to correlate results of these studies in the rat vith those of other 
published results on mice (4), dogs (5, 6), and patients (7). Our results from 
these I'at studies in general are in confirmation of those of a, Rosenthal (4) Avho 
emplo 3 ''ed mice ivith sundval rates as the major criterion of comparative effec- 
tiA'eness of sahne, serum, etc. ; b, earher pubhshed results (5) using hemodilution, 
blood pressure and survival in dogs rapidb'- infused at intervals vdth saline, gel- 
atin (Knox B78-6 per cent) and plasma; c, Ely and Angelo (S) who used hemo- 
dilution as the criterion in burned rabbits injected Awth ph 3 ’’siological saline solu- 
tion, gelatin-saline-glucose, and plasma. 

The results of the present study are in agreement AAith the clinical studies of 
Evans and Rafal (7) in burned patients infused Avith ICnox P-20 gelatin only in 
so far as comparable criteria AA-ere employed, namely, measures of increased plasma 
volume or hemodilution. Gelatin (Knox P-20) AA^as reported by Evans to be as 
effectiA^e as plasma in burned patients. 

Hemoconcentration can be coi related ivith the survival time and surAuval rates 
of the untreated animals. HoAA^ever, the degi-ee of hemodilution folloA\dng the 
A'arious infusions is not Avell correlated A\dth the survival time or rates. The col- 
loidal solutions which proAude the gi’eatest degree of hemodilution are not neces- 
sarib'- the most effectiA’-e in terms of surAdAml of rats subjected to severe burns. 
Although the colloids in saline ma 3 '^ compensate osmotieally for the loss of circu- 
lating plasma protein, surAdval rates ma3'^ be equiAmlent or superior with saline 
alone CA^en though the hemodilution and apparent increment in blood volume are 
often temporary or negligible. As in the dog (5) hemodilution is of limited prog- 
nostic A’’alue folloAAdng fluid therapy. ^Trole blood or erytlu-oc3des in sahne in- 
fusions ma}’- result in extremely high hematocrit A''alues in animals which survive. 
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In these latter cases, however, it should be pointed out that hemoconcentration 
is associated with a, a compensatory increase in total circulating blood volume, 
the cells of which are not readily lost through the endothelium of the injured 
blood vessels, and b, a corresponding increase in oxygen cariying capacity per 
unit of blood flow through peripheral capillaries, the effective resistance of which 
would theoretically be increased with the increase of viscosity due to hemocon- 
centration. 

In the present study 4 per cent Knox P-20 was less effective in the 100 per 
cent lethal burn than physiological saline solution or 6 per cent human albumin 
solution as shown by the suridval rates. Dunphy and Gibson (9), using bovine 
albumin solution as a therapeutic agent in the treatment of burns in dogs, found 
albumin less advantageous than plasma. Their criteria of effectiveness and con- 
clusions were largely based upon hemodilution, plasma volume, and pathological 
studies. Sundval rates were not employed as the animals were used for tissue 
study at a suitable interval after the burn. 

If we are justified in the assimiption that the sunnval of the rat subjected to 
a burn lethal to 100 per cent of untreated controls is the result of the successful 
compensation for induced deficiency factors which otherwise lead to death, then 
it may reasonably follow (from the data on various replacement fluids n-ith and 
without certain ions, colloid or lilood cells) that the major limiting deficiency 
factors compensated for by the various fluids including plasma and whole blood 
are sodium chloride and water. The suridval rates following the larger volumes 
of saline infused are as favorable as with any of the other fluids employed sc]!- 
arately or in combination vith other components of whole blood. The inclusion 
of other ions of plasma, as in modified Ringer solutions, did not significantly en- 
hance the value of physiological saline solutions. The increase in survival with 
1.06 per cent saline, as compared with 0.85 per cent, is on the borderline of sta- 
tistical significance (P = 0.05). The deficiencies of plasma colloids, due to leak- 
age into the injured area, and of erythrocytes resulting from thermal hemol 3 '^sis 
are apparently not of a critical order of magnitude proidding the deficiencj’’ in 
extracellular fluid is corrected by adequate sodium chloiide and water. Plasma 
or colloidal plasma substitutes in saline or glucose resulted in siindval rates sta- 
tisticalty similar or directionalty inferioi- to phj'siological saline solution. 

The sodium ion is well knoivn to be the chief extracellular cation responsible 
for the osmotic equilibrium of fluid between cells and the extracellular compart- 
ment including the blood stream, whereas potassium holds a similar kej’’ position 
within cells (10). When sodium diffuses into tissue cells of the injured area, as 
has been reported (11, 3, 12), a deficit in extracellular sodium ions is believed 
to occur. Our experiments indicate that this deficit is critical and requires the 
replacement of displaced sodium and water ndth large volumes. Fluid, as dex- 
tiose solution by vein, was of little value iidthout the sodium ion for its proper 
distribution in the body fluid compartments. Intravascular injection of colloid 
ivithout sodium, i.e., salt-poor albumin diluted iiith dextrose solution, was like- 
ivise of limited or no value. 
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SUMMAEY 

1. Homologous plasma, whole blood, erythrocytes (suspended in physiological 
saline solution), and globin (modified) ; human serum albumin and human hemo- 
globin solution; sodium chloride solution, 0.85 per cent; gelatin, oxypolygelatin, 
sodium chloride, 1.06 per cent; 6 per cent dextrose; and three modifications of 
Ringer’s solution were compared for their effect on the smwival of rats subjected 
to carefully standardized scald burns. The albumin was infused in 4 per cent, 
5 per cent and 25 per cent concentration, and the 5 per cent concentration was 
prepared udth three concentrations of sodium chloride in order to evaluate the 
relative importance of salt and water in albumin solutions. The comparative 
effectiveness of these agents is sho^vn in the tables. 

2. The results indicate that the effectiveness of albumin solution and the other 
infusion fluids which afforded the highest sur\fival rates could be attributed to 
the sodium salts and water content. 

3. Physiological saline solution, although comparatively ineffective in correct- 
ing hemoconcentration, was found to be as effective as any of the various infusion 
fluids employed in promoting the sur^dval of rats subjected to scald burns. 

4. In general hemoconcentration was somewhat greater in animals which suc- 
cumbed than in those which survived. However, the cell : plasma ratio was not 
of value in the prognosis of individual animals nor in comparing infusion fluids. 
The solutions which provided the most hemodilution did not always promote 
liigher sur^dval rates, whereas many animals with severe hemoconcentration in 
certain of the infusion groups did sur\’ive. 

5. Hemoconcentration and plasma volume do not appear to be critical factors 
in the sur\’ival of the rats after thermal injury of the type produced. 

The authors wish to express appreciation to Drs. J. E. Rhoads, I. S. Ravdin, 
Agnie Hamilton and Otto Rosenthal for their interest and suggestions during the 
conduct of the experimental work. 

We are indebted to Dr. Dee Tom'tellotte of the Knox Gelatine Protein Products 
Co. for the gelatin used in the study ; to Drs. Linus Pauling and Dan H. Campbell 
of the California Institute of Technology for the oxypolygelatin; to Dr. Dickinson 
AV. Richards, Jr. and the Committee on Medical Research of the Oflice of Scien- 
tific Research and Development and to Dr. Edvin J. Colm for the human seram 
albumin; to Dr. Max Stmmia and to the Smith, Kline and French Co. for the 
modified globin; to Dr. Donald D. Van Slyke and to Dr. Robert Pennell of 
Sharp and Dolnne Co. for the hemoglobin solution; and to the Chas. B. Knox 
Gelatine Co. for financial assistance which made it possible to extend the study 
beyond the scope originally planned. 
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In studying the distribution and fate of the steroid hoi-mones in biologic 
systems, it became necessary to use bioassay in the determination of estradiol. 
Twombly and Taylor (1), who studied the inacti^’■ation of estradiol by the Hver 
and wei'e therefore confronted Atith a similar problem, used the method of 
Lauson, Heller, Golden, and Sevringhaus (2), Avhich is based on the increase in 
weight of the immature rat’s uterus. An examination of the data of the first 
named authors revealed a wide variation in uterine weight increase in different 
strains of rats; more impressive still was the fact that the maximum uterine 
weight attained never reached the maximum which we had observed in the 
bioassay of chorionic gonadotropin (3), and the increase of uterine weight with 
increase in dosage was far more gradual for the estrogen than for the gonado- 
tropin. The bioassay of the gonadotropin, using the immature rat uterus as 
the test object, is an indirect test in which the gonadotropin stimulates the ovaiy 
to produce the estrogen which in turn develops the uterus. Since the isolation 
of estradiol from the ovaiy, it is generally assumed that estradiol is the ovarian 
hormone par excellence (4). If this assumption is correct, it should be possible 
to produce the same effects by dosage of estradiol as are produced bj’’ the gonado- 
tropins. Either the assumption is incorrect or some other hormone enters the 
picture. In this laboratory (5) we have repeatedly demonstrated the importance 
of delayed . resorption or di^dded dosage in simulating the phj^siologic state. 

In this paper we report on the marked effect which di\'ided dosage or delayed 
resorption has upon the physiologic response to estradiol. To produce delayed 
resorption, sodium lauryl sulfate (S.L.S) (6), which effectively delays the re- 
sorption of the gonadotropins, has been used. It has the advantage of producing 
a stable aqueous colloid. It was necessary in assaying steroids present in bio- 
logic systems to control the augmentation produced by inert substances of which 
the higher fatty acids are known to have a marked influence (7). 

Since the androgens also stimulate uterine hypertrophy, and since assays 
based on seminal vesicle increase have not been very satisfactor}'' for the an- 
drogens, the influence of delayed resorption from aqueous S.L.S. solution has 
been applied to testosterone. 

1 This investigation was aided by a grant from the Donner Foundation Incorporated, 
Cancer Research Division. 

We wish to thank Dr. Erwin Schwenk of Schering Corporation for the steroid hormones 
used in these experiments. These hormones were of the highest purity, the alpha estradiol 
melting at 176. 8-177. 1'C. (cor.) and the testosterone melting at 153.7-154. 2°C. (cor.). 
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Results. Estradiol. In table 1 a compaiison of nunabei; of doses per day 
(one, two, or three) and vehicle (either isotonic saline or 0.5 per cent S.L.S. in 
0.9 per cent NaCl solution) is made. Each value is the mean of values for eight 
to ten rats weighing 40 to 55 grams terminally. Dosage was begun the 22nd or 
23rd day of age and continued for three consecutive days. The uteri w'ere 
weighed 76 hours after initial dosage. In all cases the volume of a single in- 
jection was 0.1 cc. When two doses per day were given, the second was eight 
hours after the fu'st. Diree doses per day were given at eight-hour intervals. 
At the lowest effective dose (0.03 y total), delayed resorption is without sig- 
nificant influence. At the range of 0.15 y total, dmded dosage significantly 
increases the response. At the range of 0.3 y total, delayed resorption, which 
is the equivalent of multiple division of doses, further increases the response. 
Thus one dose per day in saline produces a uterine weight of 59 ±1.5, while 

TABLE 1 


Effect of divided dosage upon the uterine response of immature rats to the administration 
subeutaneously of estradiol in aqueous saline or aqueous 0.5 per eent sodium lauryl'sulfate 

solution 


TOTAL DOSE 
IN^GAIQIA 

MEAN nXEEINE WEIGHT IN MGM. FLUS STANDAED DEVIATION OF MEAN OE GRODTS OP 8 TO 10 RATS 

BEGtlN AT 22-23 DAYS OP AGE 

rVhen administered in saline 

VTien administered in S.L.S. 


once per day { 

twice per day 

thrice per day 

once per day 

twice per day 

thrice per day 

0.6 

0.3 

68 ±2.4 
59 ± 1.5 1 

90 ± 2.7 
76 ± 2.6 

94 ±2.1 

83 ± 2.9 

73 ± 3.5 

95 ± 2.4 
89 ± 3.2 i 

102 ±2.7 

0.15 

47 ± 1.0 

63 ± 3.0 

68 ± 1.9 

59 ± 2.8 

63 ±2.6 

74 ± 3.2 

0.06 

0.03 

0.0 

28 ± 0.7 
22 ± 0.8 

18 ± 0.6 

j 

i 

1 

i 


33 ± 1.3 
i 24 ± 1.1 

*60 ± 2.8 
35 ± 1.7 

23 ± 1.5 



* Plus 25 per cent human serum. 


three doses per day in S.L.S. solution produce a utei'ine weight of 102 ± 2.7 
mgm. For all values the standard deviation of the mean is less than 6 per cent 
of the mean organ weight. The effective assay dosage is from 0.03 to 0.3 y 
estradiol. With the pure hormone, the assay procedure using one dose per day 
in saline is as accurate as multiple dosage in S.L.S. because of the small variation 
in response, even though the weight increase curve is not as steep. The use of 
two doses per day, with 0.5 per cent S.L.S. as the vehicle, is the procedure 
recommended for practical purposes pro\'ided the effective range does not 
exceed 0.15 y estradiol. In this range there is no significant difference between 
one and two doses per day in S.L.S. and two doses per day in saline, so that 
impurities which would delay resorption are controlled. Using eight to ten 
rats per dosage level, the accuracy of the assay is vdtliin 15 per cent 19 of 20 
times. 

In eight trial bioassays between March 16 and May 28, 1947, the standard 
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given was a total dose of 0.15 y per rat. On the basis of eight to ten rats per 
assay per standard the results using the assay curve given in the graph were as 
follows: 0.176 d= 0.008, 0.140 ± 0.010, 0.175 =t 0.020, 0.145 ± 0.010, 0.150 ± 
0.008, 0.130 ± 0.006, 0.140 =b 0.008 and 0.150 ± 0.004. In six of these eight 
values the deviation from the amount given appro.ximates once the standard 
deviation of the mean. In performing a bioassay, a standard is always per- 
formed simultaneously with the unlcnown and the division of rats is by litter 
mates. Any de\’iation of response from the standard curve outside the normal 
variation would thus be detected. The use of litter mates increases the accuracy 
of the assay. Correlation coefficients calculated for series of ten and twelve 
pairs of rats, in wlfich the standard deviation of the mean was liigh, viz., 5 and 6 
per cent of the control mean, and in 'which there was therefore a rather Avide 
spread in response, gave values for r® of 0.85 ± 0.09 and 75 ± 0.16. Within 
the bodj’’ weight range used, the correlation between uterine weight response 
and body weight was nil, viz., r = 0.08 it 0.24 for eighteen rats. 

Testosterone. Hays and Mathieson (8) and Greene and Burrill (9) have used 
the inmiature male rat as the test object for the assay of testosterone propionate 
in oil. In experiment 1, the procedure of Plays and Mathieson shows no sig- 
nificant weight increase of seminal vesicles for testosterone. In experiments 
2, 3, and 4, the dosage was repeated three times and the period of action was 
extended. Again the results were highly unsatisfactory. Since Freeman 
and Small (10) had found that the uterus of the immature rat was the organ 
most appropriate for the assay of testosterone propionate in oil, uterine response 
to testosterone was tested in experiment 5. The results were not encouraging. 

Oil as a veliicle was then abandoned and 1 per cent S.L.S. in aqueous saline 
solution was used according to the schedules given in the table for experiments 
6, 7, 8, and 9. Experiment 6 was designed to establish whether the rats should 
be Idlled 24 or 48 hours after the last dose. The result showed no significant 
difference. Experiment 7 shows that the weight of the test animal has a pro- 
found influence upon the response. The response in S.L.S. is far greater than 
that from sesame oil. However, the results show that as an assay procedure 
the method is unsuitable as the weight increase reaches a plateau at too low a 
level. The same holds for the uterine assay in experiments 8 and 9. 

In the case of estradiol one dose per da 3 ’' in oil produced the same effect upon 
uterine hypertrophj’- as two doses per daj'- of an aqueous solution (Lauson et al. 
(2)). This relation is not noted in the assaj’" of testosterone by seminal vesicle 
response, wliich is negligible in the case of oil and marked on the same total dose 

2 Unpublished data from this laboratory indicate that a 1 per cent solution of castile soap 
is approximately as effective as a 0.5 per cent solution of S.L.S. in effecting augmentation of 
sheep pituitary gonadotropins. The injection areas show evidence of inflammation, edema, 
and necrosis. 

5 r = correlation coefficient Std. error of r = 

s(xy) 1 — r^ 

■\/s(x2)-s(y=) . -s/n — 1 


r 
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in S.L.S. colloidal suspension. The uterine response from oil is much less than 
it is from aqueous solution. 

Discussion. Twombly and Taylor (1) give no measures of variability for 
their assaj’’ procedures. The variations observed by Lauson et al. are somewhat 
greater than those observed by us, but of the same order. These authors point 


TABLE 2 

Effect of administration of testosterone in sesame oil or aqueous sodium lauryl sulfate under 
various conditions upon the uterine or seminal vesicle response in immature rats 
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out that the method of Astwood (11) is less accurate for small numbers of animals 
than their omi. Their conclusion that the Astwood method would be more 
accurate than their oira for large numbers of animals is hard to reconcile with 
the well knoum statistical concept that the error is inversely proportional to the 
square root of the number of animals emplo 3 'ed. 

Astwood (11) gives the standard deviation of the mean for six values de- 
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termined on 300 rats. Assuming roughly 50 rats per dosage level, his experi- 
mental error in the effective range (calculated for three levels in terms of the 
liigher level as 100 per cent) varies from 11 to 22 per cent for twice the standard 
error(\/ df + dl)- Our results for one dose per day in saline and two doses per 
day in S.Ij.S. based on 8 to 10 rats per dosage level are of the same order, slightly 
less rather than greater. Our method is therefore at least twice as accurate as 
the one described by Astwood. In the method of Astwood the effective weight 
increase is only 50 per cent, which is approximately 8 to 9 mgm. in absolute 
weight. It is our experience that the error involved in dissection, blotting, and 
evaporation while weighing, could hardly be considered less than 1 mgm., so 
that the inherent weakness of the method is the error of 12 per cent (minimum, 
larger as the dose decreases) introduced in each single determination. While 
this error would compensate in a large series of determinations, it is necessary 
to use five times the number of animals that we use. In our method, the error 
of dissection and weighing is only 2 to 3 per cent at the high effective dose. 
Another disadvantage in the method of Astwood is the difficulty of introducing 
0.1 cc. of oil by injection. In contrast to aqueous solution, oil has a tendency to ' 
leak at the injection site. Deanesly and Parkes (12) objected to oil as a vehicle 
for bioassay as earW as 1933, their main conclusion being that the resorption of 
the hormone from oil was too irregular. 

In figure 1 are plotted the values of uteiine response to estradiol administered 
in aqueous solution in a single daily dose and in aqueous S.L.S. solution once, 
twice, and thrice daily. The marked effect of delayed resorption and effective- 
ness of the uniform resorption at a low level is stilkingly illustrated; the maxi- 
mum difference between slow and rapid resorption is o /er 400 per cent of the 
minimum amount required. In this graph are superimposed assay data for the 
chorionic gonadotropin, administered in daily doses for 3 days; in this assay, 
uteri are weighed 72 hours after initial dosage in rats the same age as those used 
for the estradiol assay. The data for chorionic gonadotropin are for a total 
dosage level of 0.01 , 0.02, and 0.03 mgm. Avhich produced respectively 26, 63, and 
99 mgm. uteri. Superimposing the value of 26 mgm. on the assay graph for 
estradiol shoAving maximum response, the remainder of the chorionic gonado- 
tropin curve shoAvs a correspondingly steeper ascent. The conditions of assay 
for estradiol, Avhile producing the curve approaching the slope obtained for 
chorionic gonadotropin, have not produced the maximum response. In the 
case of the sheep gonadotropin, the rapid resorption of hormone from one in- 
jection depot Avill antagonize the effect of the sIoav resorption from another depot 
(13). An experiment to ascertain^ Avhether an analogous phenomenon existed 
for estradiol produced negative results. Three-tenths gamma administered 
once daily for three days in saline solution failed to antagonize the effect of 0.3 
gamma administered tAAice daily in S.L.S. The results of the tAvo series AA'^ere 
uterine AA''eights of 92 ± 2.4 A'^ersus 89 ± 3.2, in Avhich the latter value is for 0.3 
gamma estradiol administered in S.L.S. The experiment Avas so designed that 
any fall in uterine weight response, if it occurred, Avould be in the most sensitive 
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range of the assaj'- curve. It -would therefore appear that the maximum effective 
response to estradiol is produced solely by a uniform liberation of the hormone. 

Since the marked effect of divided dosage or its equivalent delayed resorption, 
manifested in the dosage range 0.15 to 0.6 y, is not shown in the range of low- 
dosage (at 0.03 y it is nil, at 0.06 3 '- slight) and since there is no evidence for an 
antagonism phenomenon, one might theorize that estradiol is not rapidl 3 '' 
destroyed at the dosage level of 0.03 y, but is rapidl}' destro 3 ’'ed or removed from 
action at a higher level. 



Fig. 1. I Solid line. Administered once dailj”^ in saline. 

II Solid line. Administered once daily in S.L.S. 

III Solid line. Administered twice daily in S.L.S. 

IV Solid line. .Administered thrice d.aily in S.L.S. 

Broken line illustrates the action of chorionic gonadotropin 
Solid line illustrates the action of estradiol. 


So^um lauiyl sulfate with estradiol or testosterone forms an aqueous colloidal 
solution which IS used on parenteral achninistration to delay resorption effectively, 
n assay procedure for e.stradiol in biologic systems, using sodium lauryl sulfate 
aqueous solution as the dispersing agent, is described. With eight to ten rats 
per doeege eve! the aeeurecy of the is within 18 per cent W of 30 ^ 

mlrirf”™''!*’ * 1"'''’®"“' O' inert si.bstances which if present 

might pioduce augmentation by delajiug resorption 

The sensitivity (increase in weight per gamma,)' and maximum degree of 

uterme weight st.mnlation produced by estradiol in the immature rat are mark! 
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edlj’’ affected by delayed resorption. In the experiments recorded a difference 
of 400 per cent was observed. 

The maximmn effective response to estradiol is produced solely by a uniform 
hberation of the hormone. An excess of hormone does not produce antagonism. 

The dosage level response curve for estradiol, while approaching that pro- 
duced by chorionic gonadotropin as the uniform hberation of steroid hormone 
was more perfectly attained, never reached the efficiency of the response to 
gonadotropin. 

The response to testosterone both for seminal vesicles and uterus is more 
effective when the vehicle is aqueous sodium lauryl sulfate solution than when 
the hormone is dissolved in sesame oil. The difference in response is strildng. 
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In a recent study (Walker, 194:7b) it was sho^vn that desojycoyticosterone 
acetate (DCA) treatment of rats alters the time course of the tension curve and 
the peak tension of skeletal muscle stimulated with single indirect shocks. It 
was found that rested muscle of rats treated with DCA show^s a marked increase 
of peak tension, rising time and half falling time over that of normal muscle. 
This type of response disappears promptly during exercise and reappears when 
the muscle is allowed to rest. 

The purpose of the present study was to investigate the muscle action poten- 
tials in DCAAreated rats and to attempt to locate the origin of the repetition 
revealed in the electrical records. A preliminary report on the repetitive action 
potentials induced by DCA treatment has been made (Walker, 1947a). 

Methods. Immature male rats weighing 100 to 160 grams w’ere used. The 
animals were prepared for stimulation through the cut sciatic nerve in the manner 
previously described (Walker, 1947b). Myograms w’ere made either with an 
isometric lever and optical recording or with a spring lever and kjnnographic 
recording. The nerve was stimulated with brief shocks, 3 to 4 times threshold 
strength. All records of action potentials were made with a condenser-coupled 
amplifier and cathode ray oscillograph. Muscle action potentials w'ere recorded 
with leads from 2 steel needles insulated to within 1 mm. of their tips, one being 
placed in the middle of the belly of the gastrocnemius and the other in the lateral 
surface of the belly. Endplate potentials w'ere recorded from the soleus. For 
such recording the insertion of the soleus was dissected free and the muscle was 
separojted from the gastrocnemius to the point of entrance of the soleus nerve and 
blood vessels. One lead electrode (a pointed capillarj’- tube of gla'ss containing 
0.9 per cent NaCl and a fine platinum wire) was placed at the desired point on 
the belly of the muscle by a micromanipulator. The other lead electrode was 
inserted into the distal tendon. 

To accelerate the rate of diminution of muscle K in the DCA-treated rats 
a modification of a diet low in K (cf. Miller and Darrow, 1940) w’as 
employed as follo’ws: lactalbumin, 26; dexinh 24; vegetable fat, 22; sucrose, 25; 
yeast powder,-2; cod liver oil, 1; NaCl, 1.2; MgSO4,0.55; Ca (CaHsOslo • 

0.6; CaH2P04 • H 20 , 1.75; and FeS 04 ' 7 H 20 , 0.1. The animals on a low K diet 

* Dextrins, 75 per cent; maltose, 24; mineral ash, 0.25; moisture, 0.75. 
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AA'ere injected intramuscularly Avith 2 mgm. of DCA- each day for 3 to 20 da^’^s. 
Curarization Avas obtained either AAuth intraA'-enoiis or AAdth intraperitoneal injec- 
tion of intocostrin®. The KCl, eserine and vei-atrine injections AA'ere alAA’-ays intra- 
peritoneal. Ether anesthesia AA'as used in all experiments. 

Results. Effects of DCA with a low K diet. A single indirect stimulus 3 to 
4 times threshold for the nerA^c induced an initial large action potential and seA"- 
eral subsequent small action potentials in the rested gastrocnemius muscle of 
DCA-treated rats fed a Ioaa* K diet. A silent period of A’^ariable length, but neA’^er 
less than 6 msec., alAA’ays folloAA'ed the initial action potential. The height of the 
small spikes AA-as about 3 to 5 per cent of that of the initial large spike. The 
duration and frequency of i-epetition aars not the same in different animals giA’-en 
similar treatment but prolongation of treatment tended to increase repetitiA’eness 
(cf. lA and 2A of fig. 1). The repetition usuall}’’ persisted OA'-er a period of 50 to 
100 msec. The repetitiA^e muscle spikes Avere abolished or reduced in size 
and number by 3 to 6 i-esponses to shocks at the rate of 1 eA-^ery 2 seconds (cf. 
IB and 2B of fig. 1). FolloAAdng 5 to 15 minute periods of rest repetition could 
be again induced Avith single stimuli. RepetitiA^e discharges AA'ere also produced 
in an animal fed a noi-mal diet (dog cIioaa') and injected AA'ith 2 mgm. of DCA 
dail,y for 30 days (fig. 1, 1C). In this case likcAA'ise the repetition disappeared 
after a feAA' responses to single stimuli at the rate of 1 eA'ery 2 seconds (fig. 1, 2C). 

Repetition is increased by the interposition of a second shock shortly after the 
first. In ID of figure 1, shoAA'ing the first double A'olley to a rested muscle of a 
rat treated for 3 days AA'ith DCA and a Ioaa' K diet, a greater number of repetitiA'e 
muscle spikes is seen after the second shock than after the fu'st. The sixth 
double Amlley to this muscle shoAA'ed almost complete disappearance of repetition 
after both shocks (fig. 1, 2D). Further eAudence that repetitiA'e discharge is 
increased bj' repetitiA'e stimulation AA'as obtained in myograms recorded from the 
soleus in an animal giA'en DCA and a Ioaa' K diet for 15 days. The pi’olonged 
falling phase of the tension curA'e folloAA-ing a single indirect shock in the treated 
i-at (triangles in fig. 2, A) is regarded as CAudence of repet itiA'e discharges. The 
prolongation of the falling phase, particularly in the loAA'er portion of the curA'e, 
AA'as exaggei-ated AA'hen 2 SAiccessiA'e shocks AA'ere deliA'ered AA’ith a 4 msec. interA’'al 
(cf. triangles in B and A of fig. 2). Furthermore, during the sIoaa' portion of the 
falling phase, the tension difference bctAA'een normal muscle (circles) and DCA- 
muscle (triangles) is greater folloAA'ing 2 shocks (fig. 2, B) than aftei’ a single 
shock (fig. 2, A). 

The repetitiA-e discharges frequentlj' but not alAA'ays recurred in a someAA'hat 
regular rhythm (fig. 1 , 2A) . In some animals irregular repetition became more 
regular during the jjeriod of discharge (fig. 1, IE). The time interA'als betAA’een 
the discharges increased as the repetitiA'e burst progressed. In some experiments 
the spike height diminished abruptly toAA'ard the end of the period of repetition 
although the progressiA'e increase of time interA'al betAA'een successiA'e spikes con- 
tinued uninterrupted (fig. 1, 2E). 

^ The desox3'corticosterone acetate was supplied by the Schering Corporation, Bloom- 
field, N. J. 

^ The intocostrin Avas supplied by E. R. Squibb and Sons, New Brunswick, N. J. 
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Fig. 1. Records showing the effects of DCA treatment (2 mgm. daih') and a low K diet 
on action potentials elicited by stimulation of the cut sciatic nerve. lA to 2E: Gastroc- 
nemius action potentials with the lead electrodes i)laccd in the belly of the muscle. The 
height of the repetitive action potentials is equal to about 3 to 5 per cent of the height of 
the initial large action potentials which exceeded the film width. IF and 2F: Sciatic nerve 
action potentials with the lead electrodes placed on the nerve distal to the point of stimula- 
tion. IG and 2G: Soleus endplate potentials. Time; 5 msec, intervals. I. Time for lA 
to 2D. II. Time for IE and 2E. III. Time for IF and 2F. IV. Time for IG and 2G. 

lA. Response to a single shock in a rat treated for 3 days. IB. First response to a single 
shock in a rat treated for 4 days. 1C. First response to a single shock in a rat treated for 
30 days with DCA alone. ID. First response to a double volley in a rat treated for 3 days. 
IE. First response to a single shock in a rat treated for 4 days, showing asj'iichronous 
followed by synchronous repetition. IF. Nerve action potential in a rat treated for 4 
days. First response to a single shock. IG. Endplate potential of the soleus in a rat 
treated for 6 days. 

2A. Response to a single shock in a rat treated for 20 days. 2B. Same animal, fourth 
response. 2C. Same animal, fifth response. 2D. Same animal, sixth response. 2E. Same 
animal, after 10 min. rest. First response to a single shock showing regular rh 3 '^thm and 
abrupt diminution of repetition. 2F. Same animal, sixth response. 2G. Endplate poten- 
tial of the soleus in a normal animal. 

(The letters of the 1 series (lA to IG) of this paragraph should be compared with the 
corresponding letters of the 2 series (2A to 2G) in the paragraph below.) 
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The nerve showed single action potentials following single shocks and gave 
no evidence of repetitive discharges even at an amplification 5 times greater and 
at a shock strength 4 times greater than those used when records of repetitive 
muscle action spikes were made. The small background oscillations appearing 
when the lead electrodes were placed on the nerve were visible both before and 
after the recording of the action potential (fig. 1 , IF) and thej'' were not abolished 
by subsequent stimuli (fig. 1, 2F). 

The endplate potential of the soleus in the rat as observed after curarization 
is not more than 10 per cent of the height of the muscle action potential obtained 
with the same leads before curare treatment. Endplate potentials could be re- 
corded all along the muscle to within a few millimeters of either end. This 
finding led to the conclusion that the endplates in the rat soleus are widely dis- 
persed. This conclusion was substantiated b}’- e.xamination of histological prepa- 



Fig. 2. Reproduction of nij'ograms showing the effect of DCA treatment and a low K 
diet on the mechanical response of rat muscle. Triangles: treated rats. Circles: control 
rats. A. Responses of the soleus to single indirect shocks 4 times maximal for the nerve. 
B. Responses to 2 indirect shocks. Interval between shocks: 4 msec, in treated rat; 5 
msec, in control rat. The muscles, the shock strength and the calibration of tension are 
the same as for A. C. Responses of the gastrocnemius to single indirect shocks 4 times 
maximal for the nerve. D. Responses of the same muscles plotted in C to single direct 
shocks, 3 times maximal, in the completely curarized muscle. The calibrations of tension 
are the same in C and D. The soleus (A and B) was treated for 14 da 3 's and the gastroc- 
nemius (C and D) was treated for S days. 

rations in which nerve fiber endings were found throughout the muscle with the 
exception of the extreme tips. The endplate potentials of the soleus in treated 
animals (fig. 1, IG) were somewhat more prolonged than those in the normal 
rats (fig. 1, 2G) but the “slo^v w-aves” typical of an eserinized muscle (Eccles, 
Katz and Kuffler, 1941) were not seen. 

Effects of curare and K on repetitiveness induced hy DCA treatment and a loio K 
diet. Records made at the onset of shallow respiration during the progress of 
curarization in DCA-treated animals usuall 5 '’ showed a slight decrease both of 
repetition and of mechanical response. The records in IB and 2B of figure 3 
taken 7 minutes after intraperitoneal injection of curare, at a time when respira- 
tory paralj^sis was clearly in evidence, illustrate the presence of repetition ap- 
proximatel}^ equal to that seen before curare injection in the same animal (fig. 3, 
lA and 2A). The amount of repetition was greatly reduced as the depth of 
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curarization increased (fig. 3, 1C and 2C). In 3 other animals curarization suf- 
ficient to reduce the mechanical response about 25 per cent caused complete 
disappearance of repetitive action potentials. However, tension records ob- 
tained from DCA-treated muscle with a series of single direct shoclcs after com- 
plete curarization were similar to the tension records induced bj^ indirect stimula- 
tion in the same muscle before curare was given. Both t^m^s of stimulation 
showed a large initial response followed by smaller re.sponses. The initial large 
mechanical responses of indirectly stimulated muscle were accompanied by 
repetitive muscle action spikes. Moreover, the large responses of the directly 
stimulated muscle (triangles in fig. 2, D) were approximately equal to the large 



Fig. 3. Effects of curare and K on repetitiveness induced bj' single indirect shocks in 
muscle of rats treated with DCA and a low K diet. The 1 columns show muscle action 
potentials with time marked in 5 msec, intervals. The 2 columns show corresponding 
mjmgrams with time marked in 50 msec, intervals. The vertical lines subtend 500 grams of 
tension per gram of muscle as measured from zero tension. 

lA and 2A. Low K diet and 2 mgm. of DCA daily for 10 da}'s, before curare. IB and 2B. 
Same animal as in lA and 2A, 7 minutes after intraperitoneal injection of 0.01 cc. of into- 
costrin per 100 grams of bod}" weight. 1C and 2C. Same animal as in lA and 2A, 12 minutes 
after intocostrin injection. ID and 2D, Low K diet and 2 mgm. of DCA daily for S days, 
before KCl. IE and 2E. Same animal as in ID and 2D, 5 minutes after intraperitoneal 
injection of 80 mgm. of KCl per 100 grams of body weight. IF and 2F. Same animal as in 
ID and 2D, 25 minutes after KCl injection. 

responses of muscle stimulated through the nerve before curarization (triangles 
in fig. 2, C). Furthermore, the prolongation of the falling phase of the tension 
curve produced by direct stimulation in DCA-treated muscle is about equal to 
the prolongation induced in the same muscle by indirect stimulation at a time 
when repetition was shown to be present. 

Records obtained 5 to 10 minutes after intraperitoneal injection of KCl showed 
a slight increase of repetition at a time when the t^qjical potentiating effect of 
K had not yet appeared (cf. ID and 2D with IE and 2E of fig. 2). Fifteen to 
25 minutes after the injection of KCl repetitive after discharges were no longer 
induced by single shocks (fig. 2, IF) although the developed tension of the muscle 
was increased as a result of the potentiating effect of K (fig, 2, 2F). 
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A comparison of the effects of DC A, eserine and veratrine treatment. Simultane- 
ous recording of mechanical and electrical responses from DCA-treated animals 
fed a low K diet showed that the beginning of i-epetitive discharges fell within 
the rising phase of the mechanical response (fig. 4, IB and 2B). The repetition 
frequentl}’- extended well into the slow slope of the decay of tension appearing in 
the lower portion of the falling phase. The peak tension was greater and the 
time course of the tension curve was slowei- in the initial than in the subsequent 






Fig. 4. A comparison of action potentials and myograms of the gastrocnemius in normal, 
DCA-treated, eserine-treated and veratrine-treated rats. The 1 column shows muscle 
action potentials with time marked in 5 msec, intervals. The 2 column shows corresponding 
myograms with time marked in 50 msec, intervals. The vertical lines are divided as units 
which subtend 500 grams of tension per gram of muscle as measured from zero tension. 

lA and 2A. Normal rat. IB and 2B. Low K diet and 2 mgm. of DCA dail}'^ for 15 da 3 's. 
1C and 2C. Muscle in a rat 15 minutes after intraperitoneal injection of 0.06 mgm. of eserine 
per 100 grams of bodj’- weight. ID and 2D. Muscle in a rat 15 minutes after intraperitoneal 
injection of 0.3 mgm. of veratrine hj’^drochloride per 100 grams of body weight. 


muscle responses of a series at 1 every 2 seconds. However, these values were 
not exaggerated as markedly as in animals fed a normal diet and treated with 
DCA for 45 to 60 days (Walker, 1947b). 

Records from muscle following intraperitoneal injection of 0.06 mgm. of eserine 
per 100 grams of bod 5 '' weight showed a greater developed tension following single 
stimuli (fig. 4, 2C) than that induced bjr similar stimulation in DCA-treated rats 
(fig. 4, 2B) . The action potentials Avhich followed the initial large action potential 
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of eserinized muscle (fig. 4, 1C) were larger than the repetitive after discharges 
of muscle in DCA-treated animals (fig. 4, IB) and the height of these action po- 
tentials indicated that a high percentage of the muscle fibers were firing off simul- 
taneously. The repetition began vfithin 5 to 8 msec, after the start of the initial 
action potential and persisted for only 15 to 25 msec. 

For about 15 minutes after the intraperitoneal injection of 0.3 mgm. of vera- 
trine hydrochloride per 100 grams of body weight repetitiveness and tension de- 
velopment in response to single shocks were graduall}’’ enhanced. At the point 
of .greatest development of tension (fig. 4, 2D) the appearance of action poten- 
tials persisted for about 100 msec, after the onset of repetition (fig. 4, ID). The 
first action potential shoum after the initial large one gave evidence of sjmchron- 
ous. discharge of many motor units. However, as the repetition continued the 
irregularity of the oscillations appearing in the electrical record indicated the 
development of pronounced asynchrony. The muscle relaxed,’ following the 
cessation of action potentials, about as rapidly as the muscle in a normal animal 
relaxed following repetitive stimulation. After the initial 15 minute period of 
enhancement in veratrinized muscle, myograms recorded at successive 5 minute 
intervals shoAved a gradual diminution of peak tension and a prolongation of re- 
laxation. The electrical records accompanjdng these myograms showed a 
marked decrease in size and number of repetitive action potentials. 

Discusstoif. The results of the experiments A\dth DCA-treated rats raise 
the question of the origin and nature of the repetitive muscle action potentials. 
The failure to obtain repetitwe action spikes Avhen the recording electrodes AA'ere 
placed on the nerve distal to the stimulating electrodes shoAA'ed that tlie repetition 
in the muscle is not induced by impulses arising at the point of stimulation of 
the nerve. Indirect evidence that the repetitive discharges can originate inde- 
pendently of motor nerve influence avojs obtained by direct stimulation of the 
muscle after complete curarization. The initial large mechanical responses of 
directly stimulaited muscle (triangles in fig. 2, D) AA^ere similar to those produced 
by indirect stimulation of the same muscle (triangles in fig. 2, C) at a time AA’hen 
electrical records shoAved repetitive muscle spikes. Furthermore, the subsequent 
smaller mechanical responses resulting from direct shocks repeated at the !’ate 
of 1 every 2 seconds resembled the subsequent responses induced by indirect 
stimulation of the same muscle at a time v^hen no repetitive muscle action poten- 
tials AA^ere shoAim by the electrical records. These obseri'-ations on mechanical 
responses of DCA-treated muscles to direct stimulation are regarded as evidence 
that repetition may occur after complete neuromuscular block of these muscles. 
If the assumption that repetition occurs in completely curarized muscle is plausi- 
ble, then it may be concluded that treatment AAoth DCA and a Ioaa' Iv diet induces 
changes in the responsiveness of the muscle fiber itself. 

To explain the disappearance of repetitive muscle spikes before the disappear- 
ance of the initial large spike in response to single indirect stimuli, during the 
progress of curarization, it is necessary to assume either that curai'e completely 
blocks all of the muscle fibers inAmlved in the repetition or that it blocks repetition 
before it blocks single muscle responses. There is no experimental eAudence for the 
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former assumption but observations on the effect of curare on the endplate potential 
offer support for the latter assumption. It has been shomi that curare gradually 
reduces the height of the endplate potential to a level where neuromuscular trans- 
mission ceases (Kuffler, 1942). Eccles, Katz and Kuffler (1941) haA^e shown that 
subparal 5 'tic doses of curare increase the initial rate of decay of endplate poten- 
tials in the cat’s soleus. It is possible that curare action may reduce the potential 
change resulting from a single nerve impulse at the endplate region to an amount 
which just alloAVS, at the peak of the potential change, the transmission of a single 
impulse through the muscle fiber. During the refractoiy period induced by the 
single response the potential may return sufficiently toward zero that it is no 
longer able to set up a repetitive impulse in the muscle fiber. 

The repetition resulting from eserine treatment which is knovTi to be abolished 
b}" curare (Brown, Dale and Feldberg, 1936) was much shorter in duration (fig. 
4, 1C) than that seen in DCA-ireated animals. Furthermore, the prolongation 
of repetition produced b.y single shocks in muscle treated with veratrine resembled 
the duration observed in DCA-treated rats. Bacq and Brown (1937) have shoAm 
that the effect of A’-eratrine on the mechanical response of muscle to single stimuli 
is unaltered by complete curarization. These experimental facts regarding the 
nature of repetition in eserinized and Anratrinized muscle add support to the vieAV 
that DCA treatment induces changes in responsiveness of the muscle fiber sub- 
stance. 

Granting that repetition may be obtained by direct stimulation and that DCA 
treatment alters the response of the AAdiole muscle fiber does not exclude the 
possibility that changes at the endplate region of the muscle fibers occur as a 
result of treatment Avith DCA and a Ioav K diet. With the thought in mind that 
DCA treatment may produce a prolonged negatiA'’e potential and a “sIoav Avave” 
similar to those observed by Eccles, Katz and Kuffler (1941) in the eserinized 
cat’s soleus, endplate potentials of the completely curarized soleus of the rat Avere 
observed. Only a slight prolongation of the endplate potential and no “sIoav 
AA'^ave” AA-ere foimd in the DCA-treated muscle (fig. 1, IG). How^eA^’er, the failure 
of markedly prolonged negative potentials to appear in curarized muscle does not 
proA'e that such potentials are absent in the uncurarized muscle for according to 
Eccles, Katz and Kuffler (1942) the prolonged endplate negativitj’" observed in 
the eserinized cat’s soleus is greatly diminished by curare. These inA’-estigators 
also reported (1941) that subparalytic doses of curarine AA'hich had little effect on 
the endplate potential greatly reduced or abolished the “sIoav AA'ave.” 

On the basis of the amount of deA’^eloped tension and the size of action poten- 
tials of the after discharges it may be concluded that the repetition in DCA- 
treated animals invoh^es a smaller portion of the muscle fibers than the repetition 
induced by eserine or veratrine (fig. 4). The someAAhat regular rhythm fre- 
quentljr seen during repetition (fig. 1, 2A and 2E) suggests that muscle units are 
repeating seA’-eral times. However, it should be emphasized that no eAudence of 
regular rhjffhm appeared in many of the repetitive after discharges. The abrupt 
diminution in size of repetitive action potentials AAfithout interruption of an es- 
tablished rlij-thm (fig. 1, 2E) offers good eAudence that multiple units AA-ere firing 
off sjmchronously before the diminution occurred. 
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In a study of the rat Darroiv and Miller (1942) found that either DCA treat- 
ment or a low K diet produces a significant reduction of K content in skeletal 
muscle and only slightly lowers the level of K in cardiac muscle. In a more 
recent report Darrow (1944) has shown that 4 days of treatment of the rat ivith 
a combination of a low K diet and DCA reduces the K content of cardiac muscle 
significantly. Therefore, it seems safe to assume that the simultaneous low K 
diet and DCA treatment employed in the present study brought about a decrease 
of the K content in skeletal muscle. The abolition of repetition by intraperi- 
toneal injection of KCl suggests that the repetition was a result of K imbalance. 
There can be no doubt that K had reached the muscle in sufficient quantity to be 
effective because definite potentiation of muscle tension had occurred at the 
point of abolition of repetitive muscle spikes (fig. 3, IF and 2F). 

The state of muscle in DCA-treated rats is somewhat similar to that exist- 
ing in human mjmtonia and in a particular strain of goats shovdng congenital 
mj^otonia. As in the myotonic goat (Brorni and Harvey, 1939) the reiietition 
is abolished by exercise but not by curare. Potassium initiates repetitive dis- 
charges in the m^mtonic goat (Browm and Hai-vey, 1939) and it exaggerates the 
mjmtonic state in myotonia congenita of man (Russell and Stedman, 1936). 
On the basis of the observations in the DCA-treated rat that intraperitoneal 
injection of KCl first increases and then abolishes repetition, it seems reasonable 
to suggest that K in small quantities either excites or increases the excitability 
of muscle fibers depleted of this ion and that IC in larger quantities reduces muscle 
excitability. The finding by Cumings (1939) of a marked reduction in K content 
of muscle in certain cases of human myotonia is consistent with the observed 
similarities of responses in myotonic muscle and DCA-treated muscle. On the 
other hand, it is surprising that administration of DCA abolished repetition in 
the muscle of mj^otonic goats (Gammon, Harvey and Masland, 1941) in %’iew of 
the finding in om’ experiments that the amount of repetition is increased in rat 
muscle by prolongation of DCA treatment. 

SUMMARY 

1. The gastrocnemius muscle of rats injected vdth DCA and fed a low-K diet 
shov’s repetitive action potentials for initial responses of rested muscle to single 
shocks; the repetitiveness disappears when single shocks are repeated at the 
rate of 1 every 2 seconds. The repetitive discharges do not arise at the point 
of stimulation of the nerve. 

2. During indirect stimulation with single shocks repetition is abolished by 
the time curare reduces the peak tension of the mechanical response about 25 
per cent. However, the similarity of mechanical responses elicited by single 
direct shocks in completely curarized muscles (triangles in fig. 2, D) to mechani- 
cal responses shovong repetition as a result of single indirect shocks in the same 
muscle before curarization (triangles in fig. 2, C) led to the conclusion that direct 
stimulation induces repetition in DCA-treated muscle after complete curariza- 
tion. 

3. Intrapei itoneal injection of KCl in the DCA-treated animals first increases 
the amount of repetition and finally abolishes repetitiveness. The typical po- 
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tentiating effect of K on muscle tension is in evidence at the point when repetitive 
discharges disappear. 

4. The repetition in veratrinized muscle which is not abolished by curare is 
more similar to the repetition in DCA-treated muscle than the repetition in 
eserinized muscle which is abolished bj'- curare. 

5. Although the evidence indicates that responsiveness of the muscle fiber 
substance is modified by DCA treatment the possibilit 3 ’- of changes at the end- 
plate region of the muscle fiber, as a result of DCA treatment, is not disproved. 

6. Some similarities of the effects obtained b}’^ DCA treatment and of the con- 
ditions existing in m^mtonia are pointed out. 
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The effect of fat as it occurs in normally constituted, mixed meals upon gastric 
evacuation has not been studied previousl 3 ^ This is primarily because available 
methods for measuring gastric emptying are poorlj'’ adapted to the use of such 
meals. Recentlj^ a new method for detecting changes in the volume of the gastric 
contents has been devised and tested (1). The method permits use of meals of 
any desired composition, and does not interfere with normal gastric activity. 
In the present studj'' the gastric evacuation of mixed meals containing various 
amounts of lard or hj'’drogenated vegetable oil (Ciisco) has been determined in 
normal subjects. 

It has been previously' shown that olive oil delays the gastric emptying of an 
Ewald or gruel meal in man (2, 3). It has also been shown that potatoes cooked 
to contain 37.5 per cent fat are more slowly emptied from the stomach than boiled 
potatoes (4). However, the level of fat in a mixed meal at which gastric motor 
inhibition appears, the consistency of such inhibition in given individuals, and 
the proportion of individuals that exhibit gastric inhibition attributable to the 
fat content of a meal are not known. It was the purpose of this study to answ^er 
these questions. 

jMethods. Thirty subjects were given 1500-calorie meals after fasting for six 
hours. The meals contained 53, 77 and 120 grams total fat, of which 25, 50, and 
80 grams, respectively, were added lard or hj’-drogenated vegetable oil. The 
menus and composition of the test meals at the three fat levels are given in table 
1. All meals were prepared by the same dietitian from food obtained in case 
lots to ensure uniformity of composition. 

Four hours after each test meal, subjects w'ere given 100 cc. of 20 per cent bar- 
ium sulphate suspension. An upright, A-P film was immediately made. From 
changes in the area of the projected x-raj'- shadow' of the stomach -when the fat 
content of the test meal was varied, changes in the volume of the 4-hour gastric 
contents ^\•ere detected. Each subject served as his own control. This proce- 
dure has l^een shown to be valid and reliable (1). 

Test meals w'ere given twice w'eekly'. Two tests were conducted at each level 
of each type of fat. The order of the various test meals w-as rotated among the 
subjects. All data wnre treated statisticall,y by the method of analysis of vari- 
ance (5). 

Results. The area of the gastric shadow four hours following ISOO-calorie 
meals containing three levels of lard and hydrogenated vegetable oil w'as mea- 

> Present address; University of Illinois, Chicago, Illinois. 
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sured. The results of two tests at each fat level in 30 subjects are summarized 
in table 2. . 


TABLE 1 

A. Menus of x-ray test meals; weight in grams 



A 

53 GRAM PAT LEVEL 

B 

77 GRAM FAT LEVEL 

C 

120 GP-AM FAT LE\'EL 

Fruit juice 

100 



Chicken 

100 


85 

Peas 

50 

50 

50 

Bread 

30 

40 

40 

Added fat (lard or HVO) 

1 

6 

18 

Preserves 

30 


Sugar 

100 



Pineapple 

120 

100 

125 

Cream sauce 

100 

100 

90 

Added fat (lard or HVO) 

20 

20 

20 

Chocolate sauce 

50 

100 

Added fat (lard or HVO) 


30 

40 

Ice cream 

100 

180 

200 

Water taken with meal (not included in 
analj-^ses below) 

400 

400 

400 





B. Corn-position of x-ray test meals 



A 

D 

c 


1475 

1375 

1500 

Wet volume, ee 

710 

750 

750 


850 

■920 

835 


240 

280 

320 


25 

50 

80 


53 

77 

120 


6 

8 

14 


22 

28 

38 






TABLE 2 

Summary of effect of fat on gastric evacuation 


TOTAL FAT CONTENT 
OF MEAL 

LARD OR HVO INCLUDED 
IN MEAL 

UEAN OASTRIC SHADOW AREA 

MEAN AREA OF BOTH 
FATS 

HVO 

Lard j 

gms. 

ms. 


sq. cm. 

sq. cm. 

53 

25 ' 


156 I 

160 

77 

50 


174 

175 

120 

80 

196 

195 

195 


Difference between means necessary for significance = 14.3 sq. cm.* 
* Derivation of this term is given in table 3. 


Since significant differences in gastric shadow area occurred between the three 
levels of fat, but not between types of fat at any level, it is evident that (a) in- 
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creasing the fat content of the test meal delayed the 4-hour gastric evacuation, 
and (b) lard -and hydrogenated vegetable oil' did not differ in their effect on gas- 
tric empt 3 dng. , , , ^ , i if 

The mean individual gastric shadow areas for repeated tests at each level ol 

HVO and lard are given in table 3, together udth an analysis of the data. Since 
it has been shovm pre^’iousl 3 ’■ that repeated tests ■with a meal of constant com- 
position do not differ significantly (1), single test results are omitted. 

The analysis shows that significant differences in gastric shadow area occurred 
between subjects. From data in table 2 the intraclass correlation coefficient 
may be calculated as 

= 0.87. 

2762 + 406 

This figure may be used as a measure of reliability for the study. The anal 3 'sis 
further shows (a) highly significant differences in gastric shadow area between 
levels of fat, and (b) no significant differences between types of fat. 

Discussion. It has been shorni that the amount of fat incorporated in a 
mi.\ed meal alters gastric evacuation. The total fat content of the test meals 
used in this study ranges from 6.0 to 14.0 per cent of their wet weight, or 22 to 
38 per cent of their dry weight (table 1). This fat concentration includes the 
limits of ordinary dietary fat intake, hfo disagreeable s 3 Tnptoms followed any 
of the test meals. It is therefore apparent that the amount of fat that may be 
contained in the ordinaiy diet of man is capable of affecting the empt 3 dng of the 
stomach, just as pure fats have been shovTi to delay gastric evacuation of an 
artificial meal (2, 3). 

The delay in gastric evacuation that occurred when the fat content pf a meal 
was increased was a consistent characteristic for given individuals, and was not 
dependent upon uncontrolled factors apart from the composition of the test meal. 
This is evident from the following considerations : (a) there are significant differ- 
ences between individuals in gastric shadow area, and (b) these individual differ- 
ences are consistent as measured by the high reliability coefficient of 0.87. 

Inspection of table 3 shows that of the 30 subjects, five showed no delay in- 
gastric evacuation between the 53 and 77 gram fat-levels (subjects 5, 6, 14, 20^ 
and 29). Of these five subjects, three showed no dela 3 '’ in 4-hour gastiic empt 3 dng.' 
when the dietary fat was increased to 120 grams (subjects 5, 20, and 29). T his 
does not necessaril 3 '’ mean that some normal persons lack a gastric inhibitory 
mechanism for fat, but only that error in the technique may have hidden the 
gastric response to fat in three of the subjects. If one assumes that the 30 sub- 
jects in this study are a random sample of the normal population, it may be con- 
cluded mth 95 per cent probability that from 70 to 98 per cent of the normal 
population may be expected to show gastric inhibition attributable to the fat 
content of meals within the range and using the method of this study (95 per- 
cent confidence limits for a sample 'size of 30). 

No attempt has been made to measure quantitatively the degree of gastric re- 
tention four hours after a test meal; such is beyond the limitations of the method 
of study. 



TABLE 3 

Effect of fat on gastric evacuation 


Means of repeated tests at three levels of HVO and lard. 


^OTAL FAT 

S3 GRAMS 

77 CHAUS 

120 CHAUS 

Added fat 

25 grams 

so grams 

80 grams 

Subject 

HVO 

Lard 

HVO 

Lard 

m^o 

Lard 

1 

209 

222 

225 

215 

251 

249 

2 

157 

134 

177 

177 

175 

177 

3 

166 

177 

183 

186 

215 

240 

4 

213 

167 

219 

217 

223 

239 

5 

188 

189 

178 

182 

189 

199 

6 

202 

202 

196 

192 

216 

221 

7 

162 

196 

' 183 

183 

202 

210 

8 

• 125 

132 

163 

138 

156 

' 151 

9 

154 

109 

169 

162 

199 

204 

10 

161 

161 

! 174 

152 

182 


11 

157 

117 

164 

156 

195 

mSM 

12 

162 

131 

168 

164 

180 


13 

159 

166 

171 

159 

189 

mSM 

14 

• 120 

124 

118 

114 

131 

119 

15 

137 

130 

169 

134 

184 

187 

16 

181 

107 

154 

138 

175 

173 

17 

198 

154 . 

224 

200 

269 

284 

18 

136 

151 

170 

152 

191 

195 

19 

182 

166 

183 

186 

207 

215 

20 

210 

199 

202 

206 

207 

208 

21 

172 

173 

165 

201 

213 

191 

22 

139 

136 

161 

195 

182 

194 

23 

168 

159 

181 

187 

193 

195 

24 

155 

156 

192 

188 

193 

205 

25 ■ 

163 

178 

168 

203 

195 

199 

26 

118 

112 

122 

146 

165 

150 

27 

150 

142 

157 

149 

186 

156 

28 

148 

160 

161 

171 

194 

174 

29 

209 

180 

218 

186 

204 

191 

30 

159 

155 • 

182 

168 

203 

173 

Average 

165 

156 

177 

174 

196 

195 


Analysis of variaiice; F° 0.01 = 3.1S 


1 

SOURCE OF VARIATION 

PECREES 

FREEDOM 

MEAN SQUARE 

R P RATIO 


Differences between subjects 

29 

2762 

7 

1 high 

Differences between fat levels 

2 

15166 

37 

high 

Differences between fat types 

1 

836 

2 

none 

Discrepancy (interaction plus error) . . 

147 

406 





St. error of differences between means = ■\/406 X 



Difference in means necessary for significance = 5.20 X 2.75* = 14.3 sq. cm. 
* 0.01 value of t. 
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SUMMARY AND CONCLUSIONS 

1. Thirty normal subjects Avere given 1500-calorib test-meals of constant 
Aveiglit and Amlume and containing 63, 77, and 120 grams total fat. Of this, 25, 
50, and 80 grams, respectii^elj^ vrere lard or hydrogenated Augetable oil (Crisco). 
Four hours after the test meal the stomach aa'RS outlined Avith a small amount of 
barium sulphate suspension and an x-ray film Avas immediately made. Changes 
in the 4-hour volume of the stomach A\'ere detected by measuring the area of the 
projected gastric shadoAv. 

2. Delayed gastric evacuation attributable to the fat content of the test meal 
AA^as statistically significant. TA\'enty-fiA’'e subjects shoAAud a delay at four hours 
AAdien the fat content by AA-et AA'eight AA-as increased from 6 to 8 per cent and 27 
subjects shoAA'ed dela3^ed gastric evacuation Avhen the fat AA'as increased from 8 
to 14 per cent. 

3. No significant differences AA^ere found betAA'een lard and hydrogenated A^ege- 
table oil in their effect on gastric emptying. No gastro-intestinal sjmiptoms fol- 
loAved any test meals AA-ith either lard or hj'^drogenated vegetable oil. 

4. The gastric inhibition AAdiich occurred Avhen the fat content of the meal Avas 
increased Avas a consistent characteristic for gh’en indiAuduals. 
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Gellliorn and Nortliup (1) found tliat tlie rate of absoiption of glucose from 
isotonic solutions in the gut of the frog may or may not be increased by an 
elevation in the perfusion pressure of Ringer’s solution entering the mesenteric 
artery. They suggested that the instances in which increased rate of absorption 
was found were due to enlargements of the area tlu-ough which diffusion might 
take place, Iw increases in the extent of the active capillaiy bed. 

Wells (6) found that the rate of absorption of isotonic saline from isolated 
loops of the small intestine of the dog could be decreased by producing con- 
gestion of the mesenteric ^'eins. He explained his results on the basis that the 
force of absorption m the case of isotonic solutions is the colloid osmotic pressure 
of the blood plasma, and that anj’’ factor which decreases or counteracts this, 
such as increased filtration pressure, reduces the rate of absorption. 

Diffusion and osmosis, however, .are not the only forces active in absorption. 
This has been most clearlj' demonstrated bj'' Visscher el al. (5) in experiments 
on the movements of water and ions, revealed by the presence of isotopic tracers, 
between intestinal loojjs and blood in dogs. Some other force is apparently 
present which causes a fimctional circuit of fluid between intestinal liunen and 
blood which brings about a net movement of ions and water into the blood when 
absorption is occurring. 

The determination of the role pla 3 'ed bj' blood pressure upon the rate of 
absorption can furnish evidence, indirect though it niaj’" be, which may have 
some bearing on the current hypotheses of the forces of absorption. In ad- 
dition it will show how important a variable the level of blood pressure is when 
the influence of other factors upon absorption rate is being assessed. The 
presence in the population of a considerable number of indiAoduals with elevated . 
blood pressure makes the determination of some practical importance as well. 

Methods. Dogs, weighing between 4.6 and 27.2 kgm., were anesthetized 
vdth 300 mgm./kgm. of sodium barbital intravenous^ after preliminary in- 
duction with ether. The left common carotid arteiy was ligated and a lucite- 
covered electrode inserted into the arteiy distal to the ligature so that the 
exposed tip lay'’ in the carotid sinus region. The other electrode was AiTapped 
around the arteiy, and both were connected to the secondary of a Harvard 
inductorium supplied vatli a 7 volt current and arranged to produce tetanic 
stimuli. Blood pressure was recorded from the femoral artery with a mercury'’ 
manometer. 

The abdominal ca’\ity was opened by" a midline incision^ and a Moreau loop, 

1 m. in length, made of the terminal end of the small intestine. The loop was 

466 



BLOOD PHESSURE AND INTESTINAL ABSORPTION OF SALINE 


467 


washed wth warm isotonic glucose and the wash fluid forced out by gently 
stripping. The loop was returned to the abdominal cavity, and the incision 
closed with clamps. After blood pressure equilibrium was attained, the carotid 
sinus region was stimulated (with the secondary coil set bet-ween 3 and 6 cm. 
from the primary) in order to produce a fall in blood pressure. If the fall urs 
well marked and sustained, 100 cc. of isotonic saline was introduced into the 
Moreau loop. If otherwdse, stimulation ivas stopped, and upon attainment of 
blood pressure equilibrium again, saline was introduced. 

At the end of 30 minutes in both tjqies of experiment, the amoimt of fluid left 
in the gut w’as measured in a graduate and chloride determined by the Van Slyke 
modification of the "i^olhard method. The average blood pressure during the 
absorption period was determined with a planimeter. 

The above routine was altered in some cases. In 4 experiments the carotid- 
sinus region was denervated in an attempt to elevate the blood pressure and in 
one of these the vagi were sectioned in addition. In 2 experiments the carotid 
artery ivas not ligated, nor were the electrodes put in place. In a few additional 
cases the saline was placed into the intestine without any stimuli being applied 
to the sinus region either before or during the absorption period. 

Results. The absorption of fluid and of clfloride w'as determined in 47 dogs 
in which the carotid sinus region was stimulated and m 38 in which it was not. 
The results are shown in table 1. A comparison of the absorption rate in 
stimulated with that in non-stimulated dogs wdiere the ranges of blood pressure 
overlapped and w^here, consequently, the effect of the level of blood pressure \sns 
controlled, revealed (4) a detrimental effect of the stimulation on absorption. 
This makes it necessary to separate the results into two series: one in rvhich 
stimulation was present, and one in which it was not. 

In the stimulated dogs, blood pressures, with but two exceptions, ranged from 
7l to 137 udth a mean of 101 mm. Hg. Of the 100 cc. of 0.9 per cent NaCl 
introduced, an average of 43.4 per cent of the fluid and 51.7 per cent of the 
chloride had been absorbed during 30 minutes. There was no apparent relation 
between blood pressure level and absorption rate within this group, nor was 
there any relation between absorption rate and the amount of blood pressure 
reduction from the control level prior to stimulation. 

In the non-stimulated dogs, blood pressures ranged from 103 to 189 with a 
mean of 144 mm. Hg. The distribution of the percentage absorption of fluid 
among the 36 dogs having blood pressures between 110 and 190 is showm in 
figure 1. Likeudse is shoum the distribution Avhen the group is subdivided into 
groups having blood pressures between 110 and 150 and between 150 and 190 
mm. Hg. The curve for the 110-190 gi'oup shows twm peaks suggesting the 
presence of individuals from two differing populations. The removal of the 13 
experiments in the 150-190 range improves the distribution considerably. 

The distributions in respect to chloride absorption for the same groups of 
non-stimulated dogs are shonm in figure 2. Smce the values are not so widely 
scattered as in the case of fluid absorption, the presence of two differing popu- 
lations is not so obvious on simple inspection. 
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TABLE 1 


Blood pressure and absorption from 100 cc. 0.9 per cent NaCl in the small intestine of the 

' dog during SO min. 


NUMBER OF DOGS 

BLOOD PRESSURE 
RANGE 

AVERAGE BLOOD 
PRESSURE 

AVERAGE FLUID 
ABSORPTION 

AVERAGE CHLORIDE 
ABSORPTION 

Carotid sinus region stimulated 


1 vim. Us 


% 

% 

16 



44.5 

52.7 

16 



42.3 

49.8 

15 

110-160 

124 1 

42.0 

52.7 

47 

50-160 1 

101 j 

43.4 j 

51.7 

Carotid sinus region not stimulated 

10. 

100-130 


57.0 

63.7 

23 

110-150 


60.0 

66.0 

13 

150-190 


71.5 

75.9 

38 

100-190 

144 

62.7 

68.9 


4 


2 


0 


ecMO PMCtsunc 
RAMCC • ISO* lie 

MCAN • ice UM HC 



4 

2 

0 

e 


ttAHCC • II0*1S0 
WeAN - US 


puMoe • iiO'ieo 
OEM - 147 



6 



4 


2 


20-29 30-39 40-49 50-59 60-69 70-79 60-69 90-99 



X ABSORPTION 

DISTRIBUTION OF FLUID ABSORPTION IN DOGS (BARBITALIZED) 


% ABSOHPjm 

DISTRIBUTION OF CHLORIDE ABSORPTION IN DOGS (BARBITALIZED) 


Fig. 1 


Fig. 2 


When the aA^erage absorption rates for fluid and for chloride of the non- 
stimulated dogs (loAver part of table 1) Avith blood pressures in the 110-150 
range are compared Avith those in the 150-190 range it is seen that blood pres- 
sure exerts a noticeable effect. The aA^'erage values for fluid absorption in the 
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tivo ranges were 60.0 and 71.5 per cent; and for chloride, 66.0 and 75.9 per cent 
respectively. The differences are 11.5 for fluid and 9,9 for cliloride. These 
are statistically significant at the 0.05 and 0.04 levels of probability respectivel5^ 
The effect is demonstrated more convincingly when a comparison is made of the 
average absorption rates in dogs having blood pressures in the 100-130 range 
udth those in the 150-190 range. Here, the differences for fluid and chloride 
with then' levels of probability are 14.5 at the 0.04 level and 12.2 at the 0.03 
level respectively. If the 4 experiments in which the carotid sinuses were 
denervated are omitted the differences between the groups become greater and 
the levels of significance are reduced to 0.02 and below. These results show 
that the absorption rate is greater for isotonic saline at higher than at lower 
blood pressures. 

Discussion. Although the saline solutions used in these experiments were 
approximately isotonic with dog plasma, a diffusion gradient favox'ing the en- 
trance of chloride into the blood must have been present, at least initially, since 
the concentration of chloride as NaCl in dog plasma is only about two-thirds 
that of, isotonic saline. It is questionable whether any close comparison should 
be made between our results and those of Gellhom and Northup (1) in which 
essentially surviving loops of gut were used, ‘blood pressure’ was artificially 
produced and an infinitely steep diffusion gradient was maintained with a 
different substance (glucose) in a vastly different species (frog). However, their 
finding that local chculatory changes can modify the results when perfusion 
pressure is raised, should not be ignored. Although it is frequentlj' assumed, it 
is not known whether there is an active adaptation in the local circulation of the 
gut when absorption is taking place, nor is it known how that local cii’culation 
is affected when systemic blood pressure is high as it uns in the 150-190 mm. 
Hg group of dogs reported here. It is possible that the beneficial effect of high 
blood pressure on absorption in these experiments was due to a uadening of the 
active capillary bed and the consequent enhancement of transport by diffusion. 

If the effective colloid osmotic pressure of the blood plasma be considered as 
a predominant factor in absorption, as suggested by Wells (6), then high sj’-stemic 
blood pressure would be expected to favor capillary filtration and intestinal 
secretion rather than absorption unless rather drastic compensatory changes in 
vasomotion in the gut circidation were simultaneously made. The greater 
absorption rate in our experiments when blood pres.sure was high obviously 
does not support this idew. 

The main force of absorption may be due to the acthdty of specific absorbing 
cells in the wall of the intestine. Recent studies (5) indicate that physico- 
chemical work must be perfoiToed by some means to cause movements of water 
and ions against normal osmotic forces and against diffusion gradients. The 
site of such actiidty is imlaioum, but it may be supposed to lie somewhere in 
the region between the free border of the epithelial layer and the capillaries of 
the intestinal mucosa, t^flien absorption is occurring, according to the fluid 
circuit concept, the concentration of the solute must be increased on the capil- 
lary side of the active region . Since diffusion factors, although not predominant. 
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are knovTi to affect absorption, an}’’ mechanism which -would minimize the 
building up of a local concentration of absorbed solute at the boi'dor of the 
active region should fa’\’Or the more rapid absorption. 

We have found absorption to be fuAwed in the presence of high systemic 
blood pressure. Under these circumstances, the condition of the circulation 
through the gut must depend on the degree to which its blood vessels are active 
or passwe in the production of the high pressure. Herrick el al. (2) have shovui 
that blood flow in the mesenteric artery may be increased during the blood pres- 
sui’e rise- accompanying exercise in spite of concomitant vasoconstriction in the 
viscera. Greater than usual pressure in the arteriolar end of the capillaiy 
network would produce a faster fomiation of tissue fluid (3), Asdiich, if con- 
ditions at the venous end were fa vorable, would be balanced by faster absorption 
of tissue fluid, or in the absence of the latter, faster formation of Uonph in the 
Ijunphatics. On the other hand, if the blood vessels of the gut were relatively 
passive, one would expect the capillary bed to be wide in extent due to the 
presence of many active capillaries. All of these factors may act to cause a more 
rapid renewal or circulation of the extracellular fluid in the active region of the 
mucosa and thus effect an imusually brisk removal of solute from this region. 
If this e.xplanation is correct, the absorption of water must be closel}’’ associated 
■\dth that of solute, because fluid absorption wns also affected by the blood 
pressure level. A more precise definition of s.ystemic blood pressure as a factor 
in absorption awaits the better understanding of the local conditions, both 
circulatory and absorptive, in the intestinal mucosa. 

SUMMARY AND CONCLUSIONS 

In 47 barbitalized tlogs, in which the carotid sinus region was electrically 
stimulated to produce a fall in blood pressure, there was no relation between the 
rate of absorption of saline from Moreau loops of the small intestine and the 
blood pressure leA’’el throughout the range: 71 to 137 mm. Hg. 

In 38 dogs, not stimulated, the rate of absorption of both fluid and chloride was 
statistically greater when blood pressure i-anged from 150 to 190 than between 
either 100 and 130 or 110 and 150 mm. Hg. 

It is suggested that the beneficial effect of high s 3 ’’stemic blood pressure is due 
to better removal of absorbed solute in the gut mucosa. 

The technical assistance of R. E. Richard is gratefully acknowledged. 
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It is becoming increasingly evident that plasma maj’' normally possess unrecog- 
nized proteins capable of producing phj’-siological responses. However, in order 
to study such proteins thej’’ must first be obtained in suitable concentration. 
We have had an opportunitj'’ to examine a new plasma fraction recently described 
(1). Intravenous administration has revealed a pow'erful depressor substance 
which is non-dialyzable and relatively heat stable. The depressor substance is 
insoluble in water, but soluble in saline. Its activity is not destroyed by reduc- 
tion with cysteine or glutathione. It is precipitated from plasma within the 
limits 20 to 29 per cent of saturation with ammonium sulfate. In addition this 
fraction has been found to possess a leucopenia producing effect, and a stimulat- 
ing effect on smooth muscle. It inhibits the activity of the turtle heart. 

General methods. Biological materials. Dogs were used for studjdng de- 
pressor and leucopenia producing effects of plasma fractions. Thej’' were of 
either sex and averaged about 8 kgm. bodj’' weight. Approximate!}'' 100 were 
used in this study. Generally they were given nembutal anesthesia, but in a 
few instances morphine plus urethane was used. Blood pressure measurements 
were made with a mercuiy manometer by cannulating the carotid artery. Both 
right and left femoral arteries and veins were exposed. The left femoral artery 
was cannulated for the purpose of obtaining blood samples. 

Guinea pigs were obtained from regular stock. They were given morphine 
plus urethane anesthesia. Blood pressure measurements were made as with the 
dogs. 

Smooth muscle was obtained from the duodenum of the rabbit. Tyrode 
solution was used to bathe the tissue and the ordinary arrangements for record- 
ing movements were used. 

Turtles were of such size as to have a plastron 8 inches long. For perfusion 
experiments the right innominate artery and left axillary vein were cannulated. 
The other vessels were ligated. Ringer-Locke solution was used as perfusion 
fluid. The venous pressure was arranged so as to give maximum output of the 
heart against a low arterial pressure. 

General blood studies. Whole blood clotting times were done by the Lee-White 
method. Sedimentation rates were measured in Cutler tubes. Seven parts of 
blood Avere mixed Avith 1 volume of 1.85 per cent potassium oxalate. Red and 

1 Aided by a grant fronr the National Institute of Health. 
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white cell counts were made on similarly oxalated blood bj’' conventional 
methods. The same person performed all counts including differentials. 

Plasma fraction. These preparations were made as described b}"- Loomis, 
George and Ryder (1). This plasma fraction is very potent in fibrinolysin ac- 
tivity, and our first purpose in working vdth the product was to studj'' the in vivo 
effects of fibrinol 3 '’sin. The plasma fraction containing fibrinolysin, along vdth 
other proteins, will be referred to as fibrinolysin. 

Experimental results. Dogs. The fibrinolysin, in saline solution, was 
injected into the femoral vein. The mean blood pressure in dogs which received 
100 to 200 mgm. fibrinolysin (total of 50-400 units) per kgm. of Ijody weight fell 50 



I7'33« 22' 49" 


Fig. 1. Effect of injecting 1.6 grams of fibrinolysin. The dog weighed 8 kgm., and the 
initial blood pressure was 134 mm. Hg. 

per cent or more within 15 seconds after the start of administration (fig. 1) . Id fh® 
experiment shown on figure 1 the initial depression in blood pressure lasted about 
12 minutes, then there was partial recovery followed by a secondary fall. The 
pressure then remained low 4 hours and 52 minutes at which time the experiment 
was terminated. In about 5 per cent of the animals death occurred before an 
arbitrary termination of the experiment. Generally one finds that the gingival 
line becomes pale. The spleen is contracted and the intestinal area is congested 
with blood. With 10-20 mgm. per kgm. of body weight the initial fall is similar 
to that with large doses but recovery is rapid. 

■Figure 2 gives a more detailed analysis of the events immediately following in- 
travenous administration. The record shows the results for blood pressure, 
respiratory rate and heart rate following the administration of 2.8 grams of 
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fibrinolysiD to a 6.8 kgm. dog. The heart rate increases as the blood pressure 
falls. Therefore, the response of the heart may be reflex in origin. iUthough 
the blood pressure remains low the heart rate rapidly returns to the pre-injection 
rate. Respiration also increases and the time relationships are such that this 
effect also may be due to reflex activity. 

Guinea pigs. As in the dog experiments the intravenous administration of the 
fibrinolysin resulted in a profound fall in blood pressure (table 1) . In this species 
both the primary and secondary falls occurred. The responses are altogether 
similar to those in the dogs. 

General observations. It seemed necessary to minimize the possibility that the 
fall in blood pressure might be due to histamine. For that purpose benadryl 
(/3-dimetliylamino-ethjd benzhydryl ether hydrochloride) was used, because this 
drug has been sho^\m to neutralize the effect of histamine (2). Three to 6 mgm. 
per kgm. of body weight were given intravenously from 2 to 5 minutes prior to 
the fibrinolysin. The blood pressure fall was not prevented by benadiyl, and 
we consider this fact as strong evidence that histamine is not directly involved in 
the fall in blood pressure. 

In a similar manner atropine (1 mgm./kgm. body vd.) was injected from 2 to 
5 minutes prior to the fibrinolysin. This also failed to modify the blood pressure 
fall. This is interpreted to mean that acetylcholine and the parasjnnpathetic 
system are not essential factors in this response. 

Clotting times following the intravenous administration of fibrinolysin were 
not significantly altered from the pre-injection control values. Hematocrit mea- 
surements and sedimentation rates measured at intervals following administra- 
tion of the fibrinolysin also showed no significant deAdations from the control 
measurements. 

Lcucopenia. A profound leucopenia developed within 3 minutes following the 
intravenous administration of fibrinolysin in dogs and it lasted from 30 minutes 
to 4 hours (fig. 3). Erythroc 3 'te counts made on blood taken from the femoral 
artery and femoral vein remained unaltered. In the majorit}’- of cases the dif- 
ferential pattern shoAved unequiAmcally that the poljonorphonuclear leucocytes 
practically disappeared. The lymphocytes decreased only slightlj'- in number. 
The net result then A\'as the predominance of Ijunphocytes in a blood smear. Al- 
though the leucopenia usually persisted from 2 to 4 hours, the differential pattern 
in most cases returned to the normal ratio in about 45 minutes folloAA'ing the 
injection. During the recovery period a 5 to 15 per cent increase in ^mung cells 
(band forms) frequently occurred. 

In vitro experiments shoAA'ed that the leucocytes are not destroj'^ed directl.A^ bj' 
fibrinolysin. 

In order to folloAA^ the cellular changes over a longer period of time fibrinolysin 
was given by A'^ein to an unanesthetized dog and cell counts AA'ere made at inter- 
vals for several days thereafter. The results are shoAAm in figure 4. The total 
AAdrite cell count dropped as it does AAdien fibrinolysin is given AAUth anesthesia. 
The lymphocjdes AAm'e affected less than the neutrophiles thus giAong the same 
pattern Avhich has been obserA^ed repeatedly. The principal effect lasted 3 hours. 




Fig. 2. Detailed analysis of changes in heart rale, respiration and blood pressure im- 
mediately following the intravenous administration of fibrinolj’sin. 

Fig. 3. Effect of fibrinolysin on leucocytes. 


TABLE 1 


Effect of hilravowus adininislralion of fibriiwhjsin in guinea pigs 
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On the second day there was a definite leucocytosis involving especially the neu- 
ti'ophiles. By the third day the white cell and differential count had returned 
to normal. It is clear from our analysis that, with the return of the wliite cells, 
the band forms do not predominate. Perhaps the original cells return. 

A new plasma factor? Thus far the question has not been considered whether 
the substance producing these physiological responses is fibrinolysin or some other 
substance in the preparation. Fibrinolysin, as prepared (1), is loioum to contain 
several protein components. Our first experiments, planned to test the question 
just raised, definitely indicated that something other than fibrinolysin is acutally 
involved. Fibrinolj’^sin is knoum to be destroyed by an inhibitor present 
in plasma (3, 4). This inhibitor destroys its capacity to l 3 ’'se fibrinogen 



Fig. 4. Effect of fibrinolysin on leucocyte count of an unanesthetized dog. 


and fibrin. It also destroys its capacity to inactivate prothrombin. We there- 
fore mixed 1 gram of fibrinolysin with 50 cc. of oxalated dog plasma. After 1 
hour of standing at room temperature practically all fibrinolysin activity had been 
destroyed. Upon intravenous injection of this mixture the depressor effect was 
obtained as usual. This experiment was repeated several times with the same 
results. It is clear that the depressor effect was not associated vith the reactive 
groups responsible for fibrinolysis and an entirely different molecule probably 
produced the effect . 

Next a search was made for a chemical means to destroy fibrinolj^sin. It was 
found that cysteine and glutathione completely destroys fibrinolytic activity, 
bolutions of fibrmolysin, treated with 1 per cent cysteine or glutathione, and 

possessing no fibrinolysin, as shoira by actual quantitative tests, still produced 
the depressor effect. 

Since a new substance is under consideration we have chosen to refer to it bv 
the name vascularin. 
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Attempts Avere made to furtlier purif}'’ A’^ascularin. An important aid to that 
end was the observation that it is more resistant to heat than most plasma pro- 
teins. About 8 grams of fibrinolysin, prepared as described by Loomis, George 
and Rj^der (1) were dissolved in 0.9 per cent sodium chloride, placed in a 500 cc. 
Erlenmej^er flask, and rapidl 3 '’ heated to 90°C. in a boiling water bath. The flask 
was rotated rapidl}’’ in order to facilitate heating. At 90° a change Avas made 
immediatel}^ to ice cold AA'ater so that quick cooling resulted. This heating coagu- 
lates about 80-90 per cent of the protein, but not the A’-ascularin. Apparently 
not much A'-ascularin actiAotj'' is lost; liOAA'e\’’er, our quant itatiA’^e data on the latter 
point are not A^eiy exact. The coagulated protein AA'as then remoAud bj’' cen- 

DogNo.99 $ 4.5 kg. 



INJECTION of 14 cc. of PLASMA FRACTION No. 470102 

Fig. 5. Effect of intravenous administration of vascularin purified as described in text. 
The initial blood pressure Avas 150 mm. Hg. 


trifugation and the supernatant fluid AA'as shell frozen and dried from the frozen 
state. The drj’' material AA'as dissoh^ed in a small amount of saline and dial3''zed 
against saline to obtain ph3'-siological concentrations of salt. 

Figure 5 sIioaa's the depressor effect of this preparation AA'hen injected into the 
femoral A’^ein of a 4.5 kgm. dog. This kind of preparation also produces leu- 
copenia. 

S??iooih muscle. Gross obserA'^ation of the gut folloAA'ing the administration 
of A'-ascularin reA'ealed marked actiAdt3''. To test the possible direct effect of the 
protein on isolated intestinal muscle strips, a short segment of rabbit gut AA'as 
immersed in T3''rode solution at 37°C. and the contractions of the longitudinal 
muscle AA'ere recorded. The Amscularin to be tested Avas prepared from 1 gram of 
fibrinol3’'sin b3'^ the method described aboA'-e. It AA'as dissoh'ed in 30 cc. T3'rode 
solution and throughL^ diaR'^zed against T3'rode solution. The actiAdt3’' of the 
muscle AA'as then tested in this solution. Within 1 to 5 minutes the tonus of the 
muscle had markedl}' increased and the amplitude of the contractions became 
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much greater than during the preAudus control period (fig. 6). Atropine 
decreased the marked tonus of the muscle, but the amplitude of the contractions 
was hot affected. Vascularin invariably produces intense activity of the isolated 
rabbit gut. 

Perfusion experiment. Perfusion experiments Avith the isolated turtle heart 
Avere performed as described aboAU. 'Vi'hen vascularin Avas introduced into the 
infloAV tube on the A^enous side the cardiac output fell immediately to zero. Visi- 
ble contractions usually continued at the normal rate but occasionally the heart 
would stop in diastole. When the vascularin Avas Avashed aAA'ay the output re- 
turned rapidly to normal even if the heart action had ceased. 

Preliminary purification of vascularin. At the slaughter house boAune blood 
AA’^as mixed AAdth anticoagulant (1.85 per cent K2C2O4 -21120 plus 0.5 per cent 
H2C204-2H20) in the proportion of 1 part anticoagulant to 20 parts of blood. 
Plasma AA^as obtained by centrifugation. To remove fibrmogen, 5,000 vmits of 
commercial tlirombin (Thrombin, Topical, Parke, DaAUS & Co.) AA'ere added to 4 
liters of plasma. Saturated ammonium sulfate solution AA’-as then added to the 
defibrinated plasma to 20 per cent of saturation. After centrifugation the pre- 
cipitate Avas discarded. The supernatant AA^as then brought to 30 per cent of 
saturation . After standing over night in the refrigerator at 5“C . , the supernatant 
fluid Avas decanted and the precipitate packed by centrifugation. The precipi- 
tate Avas dissolved in 0.9 per cent sodium chloride and dialyzed for several hours 
against i-unning tap AA-ater. The solution, about 200 cc. in A^olume, Avas placed in 
an Erlenmeyer flask, and the flask rotated in a boiling AA^ater bath until the tem- 
perature of the solution reached 90°C. A large mass of coagulated protein was 
obtained. The flask AA'as rapidly cooled in ice AA'ater and the coagulum separated 
by filtration. The filtrate AA^as then mixed AAuth about 25 cc. of packed 
magnesium .hydroxide paste. The mixture was centrifuged and the supernatant 
fluid AA^as decanted. This solution AA-as then shell frozen and dried from the fro- 
zen state by the method of Seegers (5). The dried material AA'as dissolved in 
saline and dialyzed against repeated change of saline before being used for physio- 
logical tests. This vascularin preparation contains tjuosine and has no fibrino- 
lytic activity. 

Repeated experiments AAuth this material prepared from different bovine plasma 
coUectioris over a period of time have resulted in almost identical effects on the 
blood pressure of dogs, the white cell count of dogs, and the smooth muscle of the 
rabbit gut. 

Discussion. There is no method for measuring the concentration of this 
factor in plasma and, therefore, one is handicapped in this Avork. It might be 
suggested, for example, that vascularin is a denatured protein and is not nor- 
mally present in plasma. A transitory leucopenia has been produced AAoth 2 
grams’ dried plasma. This result and the fact that 2 grams’ boAone globulin (50 
per cent saturation AAdth ammonium sulfate at 0°C.) produced a very marked, 
though transitory, leucopenia leads to the belief that this factor is present 
in plasma as such and is not the result of chemical reagents acting on plasma. 
Two grams’ crystalline bovine albumin had no effect. If the careful handling 
of the crude globulin fraction activated a precursor this does not detract from its 
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possible physiological importance, because physiological activators are numerous 
and one could exist for the purpose of activating a precursor of the factor 
being discussed. 

In the preliminary purification procedure described above 42 mgm. of protein 
were obtained from 4 liters of plasma. Since the original concentration in 
plasma is not Icnovm we cannot calculate the per cent jneld. Furthermore, there 
is no quantitative information as to the purity of the product. It could be rea- 
sonably free of foreign proteins because only 3 mgm. have produced a definite 
transitoiy leucopenia in a dog. Likewise the per cent yield of the method de- 
scribed might be good, because many modifications of the description gi\'en aboA’e 
resulted in lower jfields. Let us then make the reasonable assumption that the 
purity of the product was 20 per cent and the yield also 20 per cent. Then 4 
liters of plasma would contain 42 mgm. vascularin, and it would represent about 
0.015 per cent of the total plasma proteins. This would escape attention in rou- 
tine electrophoretic anal 3 ^sis of plasma. Assume imreasonabl}' a jfield of onh'^ 1 
per cent and a purity of onl}'- 1 per cent. Then it would represent 1 .5 per cent 
of the total plasma proteins and could still escape detection in electrophoretic 
patterns of plasma. It is veiy likeljq therefore, that \'ascularin is present in 
normal plasma in small concentration. 

The presence of a depressor factor in the globulin fraction of human and horse 
serum has been mentioned (G, 7) but apparentlj’' no extensive stud}’’ has been 
completed. The plysiological effects of this substance in concentrated foiHi are 
of such character as to make it necessaiy to give consideration to the question of 
its normal r61e in health and disease. iUthough it might be suggested that sen- 
sitization phenomena come to be involved we do not consider that possibility 
seriously because it is not in accord with the knovm facts. 

Shock-like reactions in dogs have been described (8, 9) as following the injection 
of ascaris extract and hj'-datid fluid. After IJ to 2 minutes the blood pressure 
dropped, the blood became incoagulable, and the sedimentation rate increased. 
With vascularin the fall in blood pressure is immediate, there is veiy little change 
in clotting time and no increase in sedimentation rate. In view of these dif- 
ferences the substances cannot be considered to be identical in their physiological 
actions. 

The non-specificity of leucopenia in dogs is well knovm. Pyrogens have no- 
tably been knovm to produce a leucopenia (10, 11). However, in the above de- 
scribed experiments, it seems unlikely that pyrogens could have produced the 
effects because of the method of preparation of the plasma fraction. It is also of 
significance that pyrogens generally are water soluble (12) while the active prin- 
ciple obtained from bovine plasma, Avith Avhich this paper is concerned, has been 
shown to be insoluble in Avater. 

Transitory leucopenia has been produced folloAAnng the intraAnnous adminis- 
tration of substances of large molecular AAnight. For example, gb^cogen, gum 
acacia and starch have been used (13). Inasmuch as the leucopenia A\^as accom- 
panied by extremely high sedimentation rates it aa^s postulated that rouleaux 
formation caused the larger red cell masses to occupy a position in the 
axial stream thus forcing the AA'hite cells to the periphery AA^iere thej'’ tend to re- 
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main either because of slower fluid movement or adherence to the vessel walls. 
This is not the explanation of the leucopenia found in our experiments because 
we found normal sedimentation rates. In no case in our series was the sedimen- 
tation rate significantly increased . 

Other workers have offered an explanation for the transitory leucopenia pro- 
duced by the intravenous administration of glycogen (14) . It has been explained 
that the leucocytes collect in the lung capillaries. Pulmonary tissue sections 
made from the dogs in our experiments show no e^ddence of concentration of 
leucocytes. In addition it is extremely unlikely that the protein fraction with 
which we are concerned contains glycogen or is in any way similar to glycogen 
in its action. 


SUMMARY 

A protein concentrate has been obtained from bo^^ne plasma which has a pro- 
formd depressor effect when injected intravenously, either in dogs or guinea pigs. 
The depressor effect is immediate in its onset. Depending upon the quantity 
administered, animals may or may not survive. We refer to this substance as ' 
vascularin. It also produces a leucopenia, which is sudden in onset, but rever- 
sible in character . The lymphocytes are.relatively less affected than the granulo- 
cytes. 

It stimulates the smooth muscle of the rabbit intestine. In perfusion experi- 
ments -with the isolated turtle heart, there is a decrease in cardiac output, and 
these effects on the heart are reversible. 

Vascularin has the properties of an euglobulin, it is non-dialyzable, it is unusu- 
ally heat stable for a plasma protein, and it does not lose its physiological activity 
when reduced nith cysteine or glutathione. 

Glutathione and cysteine destroy the activity of fibrinolysin. 

We nosh to thank Eugene C. Loomis for supplying us with generous quantities 
of fibrinolysin. We also wish to thank Parke, Dards and Company for supplying 
funds for Research in Physiology. 
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Our interest in the adrenal response to total body x-radiation lias been stimu- 
lated by several considerations. Among these may be stated 1, the similarity 
between the changes produced in blood and lymphoid tissue b}’- x-ray and by 
single injections of either adrenal cortical extract or pituitarj’- adrenotrophic 
hormone (2, 3) ; 2, the potentiating effect of urethane, which presumabl}^ stimu- 
lates the adrenals, on x-ray toxicity (6, 10, 11); 3, the similarity between many 
of the terminal symptoms observed after x-radiation and those noted in ex- 
perimental adrenal cortical insuificiencj’’; and 4, the reported reduction in 
mortality of x-radiated mice by the use of desoxj’-corticosterone acetate (5). 
'in view of the non-specihcity of the adrenal alarm response to stress, it seems 
reasonable to postulate a similar earl}’' mcrease in adrenal cortical activity after 
irradiation, which, if prolonged, may possibly result terminally in a relative 
adrenal insufficiency. 

Many of the changes observed after x-radiation are apparently secondary to a 
, direct effect of the radiation upon cells. Thus, Barnes and Furth (1), using 
parabiotic mice, have demonstrated a remote effect of radiation on nonirradi- 
ated tissues, including lymphoid structures and bone marrow. Similar obseiv 
vations have been made clinically following local irradiation of Ijonphoid tissue. 
That the adrenals are implicated in some of these indirect responses is suggested 
by the findings of Leblond and Segal (7). These investigators have described a 
generalized involution of lymphoid stmctui’es following hea-vy local x-radiation 
(2000 r-3600 r) in normal but not in adrenalectomized rats. After adi’en- 
alectomy, lymphoid changes were restricted to the irradiated area. Recently. 
Dougherty and Wliite (4) have reported a lymphopenia and structural alter- 
ations in lymphoid tissue following 10 r in normal mice. Similar radiation doses 
given to adrenalectomized animals failed to evoke a lymphopenic response. 
Since larger doses (200 r) produced similar changes in intact and adrenalecto- 
mized animals, it was suggested that x-rays exert both direct and indirect effects 
on lymphocytes, the latter being mediated by a pituitary-adrenal cortical 
mechanism. ^ 

It was the purpose of the present investigation to determine the adi-enal weight | 
and the adrenal cholesterol content at frequent intervals follo'v\ang total body x- j 
radiation at three selected doses, sublethal, LDso and LDioo- It was hoped in | 
this way to follow any alteration in adrenal acti^^ty during the course of radi- ; 
ation sickness and to pro'^'ide thereby a possible basis for interpreting some of 
the physiological changes observed after x-radiation. 

This document is based on work performed under Contract no. W-31-109-eng-38 for 
the Manhattan Project at the Argonne National Laboratory. 
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Methods. Two hundred and fifty white male rats (Maguran) ranging in 
weight from 210 to 285 grams received total body x-radiation in a single exposure 
at one of three dose levels, 200 roentgens (r), 650 r or 900 r. The radiation 
factors for the 200 r and 900 r exposures Avere: 200 kv, 15 Ma, 0.5 mm. Cu 
1.0 mm. A1 filters, 72.5 cm. distance, dose rate 15 r/minute. Radiation factors 
for the 650 r exposure were identical with the exception of the distance which 
was 101.3 cm. and the dose rate, 8 r/minute. In the 650 r experiment which 
was carried out first, the animals were exposed in cellulose acetate boxes in 
groups of 10. In the subsequent experiments animals were irradiated in large 
perforated aluminum boxes in groups of 8. It was believed that the aluminum 
box would not only be more convenient but would also pro\ade better ventilation. 
Calculations indicated that absorption of x-raj^s by the perforated aluminum 
box is negligible. 

In order to control the factor of selection, each group was designated after 
x-ray for a specific sacrifice time. Rats which died during the course of the 
experimental period were analyzed in the same manner as those wliich were 
sacrificed. All animals were Aveighed before and after irradiation and at the 
time of sacrifice or death. 

Animals were sacrificed A\ath nembutal (IP); and the adrenals, spleen and 
kidneys were removed, dissected free of fat and AA-eighed on a torsion balance. 
The paired adrenals from single animals AA^ere macerated and digested according 
to the method described by LeAun (8). Total adrenal cholesterol aars deter- 
mined by the Schoenlieimer-Sperry method as modified by Sperry (14). The 
color developed in the Liebeimann-Burchard reaction was read in the Eveljm 
photoelectric colorimeter using the 660 filter. In one series of experiments at 
900 r, the adrenals, kidneys and a skeletal muscle AA'ere AABighed before and after 
dr3dng to constant AABight in an 0 A''en at 120°C. 

Two types of control groups AA’^ere used. One gi-oup consisted of 68 untreated 
male rats, the other of 57 male rats aaRIcIi AA^ere placed in the exposure boxes for 
a duration equivalent to the length of time required for x-rajL The exposure 
box controls were sacrificed at different intervals after boxing. 

Results. The percentage changes in adi’enal cholesterol and adrenal AA'eight 
after total body x-radiation at 200 r, 650 r and 900 r are indicated in figui'e 1 . 
A summary of all data is presented in table 1, a, b and c. 

Adrenal cholesterol. Adrenal cholesterol expressed as milligrams total choles- 
terol per 100 grams of body Aveight is decreased by some 40 to 50 per cent 3 to 6 
hours after x-radiation at either 650 r or 900 r. After 200 r, however, there is 
only a slight reduction in cholesterol (10-15 per cent) comparable to the change 
observed in the exposure box controls at the same time. Cholesterol rises some- 
Avhat in the 650 r group 2 days after x-ray and continues to increase reaching a 
leA>-el some 100 per cent above the normal at 7 days. This is folloAved by a return 
toward the normal at 9 and 11 days and a further increase at 15 days. It should 
be pointed out that many of the rats Avere djnng in the 7 to 11 day period after j 
650 r. After the initial decrease in adrenal cholesterol AAuth 900 r, there is a ! 
slight recovery folloAved by a marked fall at 3 days, amounting to about 75 I 
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per cent. A considerable number of the animals were prostrate and showed 
sei^ere diarrhea, nasal hemorrhages, marked edema and hemorrhage in the 
gastro-intestinal tract at this time. The majority of deaths occurred around 
4 days after irradiation with 900 r. Animals dying or sacrificed while moribund 
after either 650 r or 900 r show a greatly reduced adrenal cholesterol (80 per cent). 
In the 200 r group, there is a significant elevation in cholesterol content of the 
adrenals 2 daj'-s after x-radiation followed by a gradual return to normal. None 
of the animals died after 200 r. 

Adrenal weighl. Adi'enal weight expressed as milligrams per 100 grams of 
bodj^ weight increases 6 hom-s after x-ray in both the 650 r and 900 r groups but 



Fig. 1. Adrenal weight and cholesterol content after total body x-radiation. 


a rather similar rise is noted in the exposure box controls at this time. At 2 ' 
da 3 ''s, however, adrenal weight is increased bjr some 20 to 40 per cent in the x-ray ; 
groups whereas no further rise is observed in the controls. In the 650 r group, ; 
the adrenals continue to show an increase in weight at 4 days (55 per cent in- 
crease). This is maintained at 7, 9, 11 and 15 days after x-radiation. A marked 
increase in adrenal size of some 75 per cent is observed 3 days after 900 r. The 
adrenals are even somewhat heavier at 4 da^'^s (90 per cent increase). An m- ; 
crease in adrenal weight of over 100 per cent is seen in animals from the 650 : 
r and 900 r groups which died or were sacrificed while moribund. After x- 
radiation at 200 r little change is noted in adrenal size. 

The increased adrenal wet weight observed after 650 r and 900 r is not a result 
of an increase in percentage of water, for the adrenal dry weight increases in a 




TABLE la 


Changes following x-radiation at 200 r 



SXCRl- 

FICE 

TlitE 


BODVW’EIGITT 

GilS. 

AORENAt 

CMS. BODY 
WEIGHT* 

.ADRENAL CHOLESTEROL 

SPLEEN WT., 
GUS./IOO 
GMS. BODY 
WEIGHT* 

KIDNEY WT., 
GBXS./lOO 
GMS. BODY 
AS'EIGHT* 

GKOUP 

or 

ANUfALS 

Be- 

fore 

x-ray 

At 

sacri- 

fice 

Mgm./lOO 

mgm. 

adrenal 

Mgm./lOO 
gms. body 
weight* 

Untreated 

days 

23 


247.4 

13 .35 ±0.381 

2.51 ±0.16 



0.793 ±0.010 


0.12 

S 

279.6 

274.4 

11 .76 ±0.53 

2.43 ±0.24 

0.29 ±0.03 

0.543 ±0.051 

0.710 ± 0.048 


0.25 

8 


250.7 

12.08 ±0.60 


0.28 ± 0.03 

0.5S4 ± 0.053 

0.714 ±0.020 


1 

8 

271.9 



2.38 ±0.28 

0.33 ±0.04 

0.389 ±0.032 

0.764 ± 0.031 

X-radiated 

2 

8 

275.8 


14.84 ±0.64 


0.48 ±0.05 


0.800 ± 0.021 


4 

8 


278.3 

13.21 ±0.55 


0.41 ±0.03 

0.348 ±0.018 

0.743 ± 0.015 


7 

8 

262.5 


12.71 ±0.61 

3.03 ±0.38 

0.3S±0.05 

0.492 ± 0.032 

0.767 ± 0.022 


9 

6 

281.7 

291.5 

13.36 ±0.91 

2.56 ±0.14 

0.34 ±0.06 

0.370 ±0.033 

0.743 ± 0.019 

X-radiated 

11 

8 

254.1 

274.7 

12.97 ±0.68 

2.59 ± 0.24 

0.33 ± 0.03 

0.446 ± 0.062 

0.742 ± 0.027 

X-radiated 

15 

8 

261.3 

2S0.5 

11.73 ±0.44 

2.95 ±0.29 

0.34 ± 0.03 

0.327 ±0.019 



TABLE lb 

Changes following x-radiation at 660 r 


Untreated 


25 


235.5 

12.87 ±0.49 

2.95 ±0.11 



Exposure box 
controls 

0.25 

10 

248.3 


14.12 ±0.35 

2.46 ±0.17 

mU 


Exposure box 

2 

9 

261.2 

264.3 

12.01 ±0.66 


imii 

0.501 diO.OSS 

X-radiated 

0.25 



252.2 


1.42 ±0.29 


0.485 ±0.032 

X-radiated 

2 


216.9 

194.2 

18.52 ±1.10 



0.316 ±0.019 

X-iadiated 

4 


215.4 

175.9 

20.31 ±1.11 


0.68 ±0.06 

0.321 ±0.033 

X-radiated 

7 

8 


194.8 

19 .44 ±1.88 


0.80 ± 0.06 

0.263 ± 0.037 

X-radiated 

9 


wQy 



BrEKXS ! 

0.66 ±0.07 

0.364 ±0.042 

X-radiated 

11 



1^ 

19 .71 ± 1.74 

IWSgailE! 

0.58 ±0.10 

0.295 ±0.027 

X-radiated 

15 



177.1 

21 .60 ±3.49 

nHWalB ^ 

0.76 ±0.24 

0.474 ± 0.020 

X-radiated 

at 

death t 

11 

213.5 

167.9 

30 .25 ±2.52 

0.54 ±0.12 

0.15 ±0.03 

0.241 ±0.019 


TABLE Ic 


Changes following x-radialion at 900 r 


Untreated 

controls 

Exposure box 


20 


257.0 

13.14 ±0.48 

2.60 ±0.20 

0.34 ±0.03 

0,62S± 0.047 

controls 

Exposure box 

0.12 

7 

278.3 

293.0 

12.69 ±0.73 

2.15 ±0.30 

0.28 ± 0.05 

0,541 ± 0.041 

controls. . . . . . 

Exposure box 

1 

S 

273.1 

265.0 

14.02 ± 0.S2 

2.49 ± 0.23 

0.35 ±0.04 

0.586 ±0.045 

controls 

Exposure box 

2 

s 

263.1 

249.3 

14.45 ± O.OS 

2.43 ±0.17 

0.36 ±0.04 

0. 651 ±0.047 

controls 

Exposure box 

3 

7 

281.4 

287.2 

12.53 ±0.76 

2.44 ±0.12 

0.31 ± 0.07 

0.552 ± 0.022 

controls 

4 

8 

256.9 

259.4 

14.43 ± 1.14 

2.37 ±0.16 

0.35 ±0.05 

0.543 ± 0.0G2 

X-radiated 

0.12 

8 

272.6 

264.5 

13.23 ±0.41 

1.44 ±0.10 

0.19 ±0.02 

0.508 ± 0.022 

X-radiated 

0.25 

8 

266.9 

255.0 

15.38 ± 0.53 

1.74 ±0.19 

0.27 ± 0.03 

0.552 ± 0.035 

X-radiated 

1 

8 

270.5 

248.4 

14.53 ± 0.52 

2.25 ± 0.27 

0.33 ± 0.04 

0.417 ± 0.055 

X-radiated 

2 

8 

267.5 

251.5 

16 ,14 ±0.55 

1.71 ±0.26 

0.27 ±0.04 

0.322 ±0.020 

X-radiated 

3 

8 

258. S 

222.3 

22.68 ± 1.26 

0.37 ±0.05 

0.69 ±0.02 

0.132 ±0.007 

X-radiated.. ... 

4 

15 

267.1 

223.2 

24.89 ± 1.20 

0.47 ±0.08 

0.11 ±0.02 

0.146 ± 0.010 

X-radiated 

at 

death 

20 

264.1 

211.6 

27.65 ±0,86 

0.26 ±0.03 

0.07 ±0.02 

0,152 ±0.011 


* Body -weiglit at sacrifice -used in calculations, 
i Indicates standard error of the mean. 


0.780 ± 0.013 
0.768 ±0.015 
0.795 ± 0.020 
0.79S± 0.043 


0.7Si ± 0.025 


0.817 ±0.049 
0.777 ±0.018 
0.7S3 ± 0.027 
0.740 ± 0.035 
0.75S ±0.028 
0.721 ± 0.019 
0.755 ± 0.023 
0.796 ± 0.020 


t Includes 4 animals at death, 4 found dead and 3 sacrificed in moribund condition. 

Boldface figures indicate statistically significant difference (p < 0.01) from mean of untreated controls. 
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rather similar fashion (fig. 2). The percentage water is thus almost equivalent | 
at all sacrifice periods even though the wet weight is increasing. Kidney and j 
muscle wet and dry weights were determined as controls. These were remark - ! 
ably constant in water content after x-radiation (table 2) . ' 

Spleen, kidney and body weighis. Although there is some indication of a 
decrease in spleen size^ as earl 3 '’ as 6 hours after x-radiation, these changes are 



Fig. 2. Adrenal wet and dry weight after total body x-radiation. 

TABLE 2 


Per cent water in adrenal, kidney and muscle after x-radiation at 900 r 


GROUP 

SACRI- 

FICE 

NUMBER 
OF ANI- 

BODY 

WEICUT 

ADRENAL WEIGHT, UGU./ 
100 CMS. BODY -WEIGHT 

KIDNEY WEIGHT, GMS./ 
100 GMS. BODY \raiCHT 

MUSCLE 
PER CENT 

TIME 

MALS 

AT SACRI- 
FICE 
CMS. 

Wet 

Dry 

Per cent 
water 

Wet 

Dry 

Per cent 
water 

WATER 

Untreated controls. . 

days 

10 

279.2 

11.92 

3.04 

73.7 

0.724 

■ 

77.3 

76.4 

X-radiated 

0.12 

6 

272.0 

13.41 

3.66 

72.7 

0.739 


76.6 

75.5 

X-radiated 

0.25 

4 

282.0 

13.69 

3.89 

71.5 

0.714 


76.3 

75.7 

X-radiated 

1 

5 

274.0 

12.54 

3.17 

74.8 

0.751 

0.175 


76.9 

X-radiated 

2 

5 

273.4 

13.70 

3.07 

77.7 

0.699 

0.159 

77.3 

76.5 

X-radiated 

4 


250.3 

21.15 

5.62 

72.4 



76.9 

75.8 

X-radiated 

5 

4 

229.3 

28.31 

8.12 

71.1 

0.819 

H 

76.7 

76.3 


not significant until the 2 day sacrifice period at which time a 50 to 60 per cent 
decrease is noted in both the 650 r and 900 r groups. The spleen continues to 
decrease in weight in the latter group until death. In the 650 r gi’oup, there is 
also a further decrease in spleen weight -^vith the maximum change observed at 
7 da 3 '’s. Tliis is followed b 3 ’' a gradual recovery at 9, 11, and 15 days. . At death 
spleen has decreased in the 650 r and 900 r groups to rouglil3'' one-fourth of the 

The weight of the spleen in the controls is somewhat higher than usually described for 
other rat strains. This may be the result of a Bartonella infection which was discovered in 
a number of the stock rats after these studies were in progress. 
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control weight. A reduction in spleen Aveight is noted as early as 1 day after 
200 r. This decrease is maintained at most of the subsequent sacrifice periods. 
It is interesting to note, hoAvever, that statistically significant Aveight changes 
(p <0.01) are obserA^ed only at the 1, 4, 9 and 15 day sacrifice periods after 200 r. 

Kidney Aveight expressed as grams per 100 grams of body AV'eight shoAvs no 
significant deAdation in any of the groups after x-radiation Avith one exception. 
A small but significant decrease (10 per cent) is observed in the group sacrificed 
6 hours after 200 r. 

There is a small progressive decrease in body Aveight at. each sacrifice period 
for the 650 r and 900 r groups. With 200 r there is a slight decrease (5 per cent) 
in body AA^eight until the fourth day. Body Aveight then increases progressively 
reaching a leA^el some 10 per cent aboA'e the pre x-ray AA'eight at the 15 day 
sacrifice period. Exposure box controls and x-radiated animals sIioav a similar 
small decrease in AA-eight during boxing (2-4 per cent). 

Discussion. The early decrease in adrenal cholesterol after total bodj’' 
x-radiation at 650 r and 900 r is similar in magnitude and time course to that 
folloAving a single injection of adrenotrophic hormone in the intact rat (12). 
Comparable changes are also obserA^ed in many conditions of stress and are 
belieA’'ed to be associated Avith an increased adrenal actiAoty (8, 9, 12, 13). Since 
similar effects are produced by the injection of the adrenal cortical hoiTnones and 
the pituitary adrenotrophic honnone AA'hen the adrenals are intact, it has been 
concluded that the adrenotrophic hormone actually increases the rate of secretion 
of the adrenal cortical hormones (12). Furthermore, since these effects of the 
adrenotrophic hormone are associated AAdth a simultaneous reduction in adrenal 
cholesterol content, there is considerable likelihood that cholesterol is related to 
the formation of the adrenal cortical hormones which are also of a steroid nature. 

The apparent increase in adrenal actiAuty, indicated by a decrease in cholesterol 
content as early as 3 hours after irradiation, may account, in part, for some of the 
early symptoms of radiation sickness. Reference has already been made to the 
similarity in the blood picture and Ijmphoid tissue folloAAnng x-raj’’ and folloAAing 
the injection of adrenal cortical extract or pituitary adrenotrophic hormone. 
LikeAAOse, the prevention by adrenalectamj”^ of some of the physiological changes 
induced by x-ray Avould substantiate this hypothesis (7). The significance of 
the greatly increased adrenal cholesterol observed one AAnek after x-radiation in 
the 650 r group is not clear. This may be a result of prolonged stimulation of the 
adrenal cortex, indicating either a maintained increased cortical activitj'- or 
actually a decrease in activity due perhaps to a type of exhaustion. In this 
connection it is interesting to note that injection of pituitary adrenoti’ophic 
hormone over a period of 3 days also results in an elevated adrenal cholesterol 
(12) . The return of adrenal cholesterol toAvard normal observed at 9 and 1 1 days 
after exposure to 650 r may be attributed to the fact that a considerable number 
of animals AA-ere djdng in the 7 to 11 day period. The presence of one or two 
animals Avhich would have died shortly AAfith a Ioaa- adrenal cholesterol could 
account for the decrease obseiwed at this time (fig. 1). 

After 900 r, the demand for cortical hormone is probably excessive. This is 
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suggested by the abrupt decrease in adrenal cholesterol associated with a greatly 
increased adrenal weight 3 days after irradiation. These findings are rather 
similar to those observed terminally and probablj'- represent the extreme achenal 
response to stress. Adrenal cholesterol determinations in animals found dead 
are slightly lower than in animals at' death or in animals sacrificed in a moribund 
condition. Yet, even if one eliminates the fo)-mer, the decrease is still marked 
and statistically significant (p <0.01). 

The changes in adrenal cholesterol and adrenal weight after 200 r would seem 
to indicate little adrenal response to this dose. Still, the small earl}'- decrease in 
cholesterol content and the rather considerable increase at 2 days may suggest 
some change in adrenal activity even at 200 i'. The exposure box controls, 
however, show a rather similar early decrease in adrenal cholesterol, indicating 
that the caging per se may be a mild stress situation. It ma}’- be noted that a 
much greater adrenal response, approximately 80 per cent decrease in adrenal 
cholesterol at 8 hours after exposure, has been repoi-ted by Dougherty and White 
in mice after 200 r (4). 

Involution of Ij'mphoid tissue is associated with the adrenal response to stress. 
The decrease in spleen weight observed after exposure to x-ra.y may, therefore, 
be related to this adrenal response as well as to the well-known direct effect of 
radiation on lymphoid tissue. It is interesting to note, howe\’-er, that rather 
similar early changes in spleen weight were seen at each dose level, altliough little 
adrenal response was obtained with 200 r. 

Since it was desired to express the adrenal and spleen weights in teims of body 
weight, the kidnej’-s were weighed as a possible control on the general effect of 
bod}'- weight changes on organ Aveights. It was thought desirable to include an 
organ Avhich Avas belieA'-ed to be unaffected, at least AA-ith regard to its AA'eight, bj'- 
x-ray. Kidney AA’-eights expressed in terms of body Aveight AA’ith only one ex- 
ception are not significantly different in any of the groups at the A'-arious sacri- 
fice periods, although body AA'eight decreases by 10 to 20 per cent after exposure 
to 650 r and 900 r. Since there is a small decrease in bod}’' AA^eight after x- 
radiation, the possibility remains that partial inanition might account for some 
of the described adrenal changes. This is rendered unlikely, hoAA'eA'er, for it has 
been reported that complete starvation foi’ 3 days does not change the cholesterol 
content of the adrenals (8). Although complete inanition AAfill produce adrenal 
hypertrophy, the eA’-idence relating to partial inanition is equiAmcal (15). If 
rats are chronicall}'- underfed there is actually a decrease in adrenal AA'eight AAdiich 
is relatWely greater than the loss in body Aveight (15). The relatiA’^ely brief 
duration of the 900 r experiment AAmuld seem to preclude any serious effect on 
adrenal size as a result of the small body A\’-eight loss described. 

SUMMARY 

The changes in adrenal cholesterol content and adrenal A\'-eight obserA'ed after 
total body x-radiation at 650 r and 900 r suggest a considerable adrenal response 
to these dose leA'els. After 200 r, there is little change in adrenal actiAuty as 
judged by these indices of response. 



ADRENAL RESPONSE TO TOTAL BODY X-RADIATION 


487 


Acknowledgment. The authors gratefulb’’ acknoivledge the assistance of hlr. 
G. Sacher and Mr. S. Tyler in the statistical analysis of the data. 

REFERENCES 

(1) Barnes, W. A. and O. B. Forth. Am. J. Roentgenol. 49: 662, 1943. 

(2) Dougherty, T. F. and A. White. Endocrinology 35: 1, 1944. 

(3) Dougherty, T. F. and A. White. Am. J. Anal. 77: 81, 1945. 

(4) Dougherty, T. F. and A. Wihte. Endocrinology 39: 370, 1946. 

(5) Ellinger, F. Proc. Soc. Exper. Biol, and Med. 64: 31, 1947. 

(6) Hawkins, J. A. and J. B. Murphy. J. Exper. Med. 42: 609, 1925. 

(7) Lebeond, C. P. and G. Segal. Am. J. Roentgenol 47 : 302, 1942. 

(8) Levin, L. Endocrinology 37: 37, 1945. 

(9) Ludevhg, S. and a. Chanutin. Endocrinology 38: 376, 1946. 

(10) Murphy, J. B. and E. Sturm. Science 104: 427, 1946. 

(11) Patt, H. M., M. N. Svhft, E. B. Tyree and E. S. John. Unpublished observations, 

1946. 

(12) Sayers, G., M. A. Sayers, E. G. Fry, A. White and C. N. H. Long. Yale J. Biol. 

and Med. 16: 361, 1944. 

(13) Selye, H. Endocrinology 21: 169, 1937. 

(14) Sperry, W. M. Am. J. Clin. Path. Tech. Suppl. 2: 91, 1938. 

(15) Tepperman, j., F. L. Engel and C. N. H. Long. Endocrinology 32: 373, 1943. 



AN EXPERIMENTAL STUDY OF INTRAMUSCULAR 
PRESSURE MEASUREMENTS 

CAMPBELL MOSESi 

From the Department of Physiology -and Pharmacology of the School of Medicine of the 

University of Pittsburgh 

Received for publication June 30, 1947 

For many years the importance of muscle tone in facilitiating the return cir- 
culation has been emphasized. Ilenderson referred to this as the venopressor 
mechanism (1). Recently, failure of this mechanism has been said to explain 
the depletion of the effective circulating blood volume in clinical shock (2, 3, 4), 
Differences of opinion exist as to the accuracy of intramuscular pressure changes 
as ordinarilj'’ measured. The observations of Henderson (1, 2), Gunther (3, 4) 
and Hellebrandt (5) conflict with those of Hathway and Moore (6), de Vries and 
Milwidsky (7), and Wells el al. (8). In this studj’’ an attempt was made to eval- 
uate the reliability and significance of intramuscular pressure determination. 

Methods and procedure. Henderson’s method (9) embodying the modifi- 
cations suggested by Kerr and Scott (10) was first compared Avith the modifica- 
tion devised bj’’ Gunther (11). A needle from each apparatus was inserted into 
the posterior thigh muscles of a rabbit anesthetized with Nembutal. Similar 
comparisons were made using the human biceps. The results are given in table 1 . 

With the Gunther modification consistent results were not obtained in consecu- 
tive readings. More consistent results were obtained with the Kerr-Scott modi- 
fication of the Henderson apparatus and this was the method used during the 
remainder of the study. 

Briefly, the intramusculai- pressure technic of Henderson records the force in 
millimeters that must be exerted by a water manometer to produce perceptible 
movement of the saline meniscus in a 2 mm. bore adapter attached to a no. 20 
needle, with the end plugged and Avith three side holes, thrust into a muscle belly. 
In all the animal experiments here reported the skin overlying the muscle was 
split to permit direct -vdsualization of the muscle being tested. A three-way 
stopcock facilitated filling of the saline-filled adapter for repeated determinations. 
The rabbits used were anesthetized AHth Nembutal. 

It was found to be most important rigidly to control the position of the muscle 
and the needle inserted therein. .Very slight alterations in the position of the 
needle Avithin the muscle sharply altered intramuscular pressure readings. To 
prevent such movement appropriate means were taken to fix both the limb and 
the needle-muscle arrangement in all these experiments. Duplicate readings 
were always taken and the results recorded are the average of the readings. 

The effects of the folloAving procedures on the intramuscular pressure Avere 
studied in the rabbit: a, sciatic stimulation and section; 6, occlusion of the 

1 The author is indebted to Drs. C. 0. Guthrie and T. K. Kruse for much helpful ad- 
Ause and criticism. 
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&b(ioniin&l RortR Rnd/or tliG vgur crvrj c, spins'! cord section , d, Iremorrliage, 
e, curarization, and /, coramine administration. In man simultaneous ob- 
servations of blood pressure were made before, during, and after surgical pro- 
cedures performed under spinal anestliesia. 

Results. Sciatic stimulatim and section. After freeing the nerve, applying 
electrodes, and fixing the position of the limb and the muscle-needle arrangement, 
the nerve was stimulated with a tetanic current of graded strength for 30 seconds. 
Intramuscular pressure readings were taken during the period of stimulation. 
TjTjical results from one of eight such experiments together with the subsequent 
effect of nerve section are given in table 2A. Hellebrandt, Crigler and. Kelso (5) 
have indicated by diagram that in frog gastrocnemius and in human biceps, that 
with an increasing strength of stimulus there is a progressive fall in intramuscular 

TABLE 1 


Cojnparison of the Henderson and Gunther IMP ineihods 


READING 

RABBIT 

j HUMAN 

j Gunther 

Henderson 

Gunther 

Henderson 


mm, HiO 


mm. lUO 

mm. S-O 

1 

68 


40 

SO 

2 i 

42 


SO 

84 

3 

50 


32 

84 

4 

no 

108 

68 

78 

5 

140 

116 

102 

84 

6 

140 

108 

140 

90 

7 

70 

114 

140 

80 

8 

60 

112 

.128 

86 

® 1 

no 

108 

140 

82 

10 1 

1 

54 

120 

62 

SO 


pressui’e. Such correlation was not obtained in these experiments. It must be 
pointed out that the motion necessarily acompanjnng sciatic stimulation mater- 
ially affects the intramuscular pressure readings obtained during this procedure. 

Aorta-caval occlusion. By means of hea^>y'• silk ligatures placed about the 
abdominal aorta and vena cava and tightened and released through glass tubes 
inserted into the abdomen it was possible temporarily to occlude either of these 
vessels with the abdomen closed and without disturbing the muscle-needle rela- 
tionship. Typical results from one of four such experiments are given in table 
2B. No demonstrable effect on the intramuscular pressure was produced by 
occlusion of either or both of these vessels or after release of the occlusion. 

Spinal cord section. After preliminary surgical preparation so that the cord 
could be cut without disturbing the intramuscular pressure apparatus, the cord 
w^as severed between the first and second lumbar vertebrae. Three experiments 
did not demonstrate any significant change in intramuscular pressure. Data 
from one of these experiments are given in table 20. 

Hemorrhage. Kiely, Hamilton and Gellhorn (12) noted that hemorrhage in 
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unanesthetized, decerebrate dogs leads to a sharp rise in intramuscular pressure 
which returns to normal on reinfusion of blood. Kleinberg, Swingle and Hays 

TABLE 2 

Intramuscular pressures under various procedures, in the rabbit 


A 

Sciatic stimulation and after sciatic section 


OBSERVATION 

TlilE 

IMP 

OBSERVATION 

TIME 

IMP 


ptin. 

mm. TI*0 


min. 

mm. IIiO 

Control 

1 

114 

Riim. ontl 0 

13 

110 

Control 

2 

110 

Stim. coil 10 

15 

110 

Control 

3 

IIS 




Stim. coil 5 

5 

ISO 

Cut sciatic 



Stim. coil 6 

7 

112 


17 


Stim. coil 7 

S 

140 


19 


Stim. coil S 

11 

90 


20 






23 






25 

122 


B 

Before, diiring, and after aorta-caval occulsion 


OBSERVATION 

TlilE 

IMP 

OBSERVATION 

TIME 

IMP 


min. 

mm. DiO 


min. 

mm. IliO 

Control 

1 

84 


40 

60 

Control 

5 

90 


45 

76 

Occlude vena cava 

6 


Occlude vena cava and 




10 

82 

aorta 

50 



15 

96 


55 

86 


20 

78 


60 

78 


26 

SO 


SO 

82 

Release vena cava 

27 


Release vena cava and 




30 

84 

aorta .• 

85 


Occlude aorta 

31 



90 

88 


35 

90 


120 

90 


C 

Before and after section of the spinal cord 


. 

OBSERVATION 

TIME 

IMP 

OBSERVATION 

TIME 

IMP 


min. 

mm, UzO 


min. 

mm. IhO 

Control 

1 

134 


10 


Control 

2 

140 


25 

122 

Cord cut 

5 



45 

128 


7 

128 



112 


. (13) also noted that hemorrhage caused a sharp rise in intramuscular pressure 
which was maintained for several hours. On the other hand, following hemor- 
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rhage in dogs Hathway and Moore (6) observed no change in intramuscular pres- 
sure. . 

In this study six rabbits were slowly bled to death by cutting a mesenteric 

vein, without significant change in intramuscular pressure. In one of these ani- 
mals intramuscular pressures were followed for six hours and no significant change 
occurred. Data .from this experiment are given in table 2D . 


TABLE 2-Conlinxied 
D 

Before, during, and after hemorrhage and after death 


observation 

TlilE 

IMP 

OBSERVATION 

TIME 

IMP 


min. 

mtn. UtO 


min. 

mm. IhO 


1 

88 


40 

90 

rinntrol 

2 

94 


50 

80 

Steadily progressive 

10 

84 

Death 

60 

76 


20 

80 


120 

80 


30 

82 


240 

78 





300 

72 





360 

86 


E 

Before and after coramine and curare and after death 


OBSERVATION 

TliCE 

IMP 

OBSERVATION 

TIME 

IMP 


min. 

mm. UiO 


mtn. 

mm. Z?sO 

Control 

1 

102 

Curare 0.2 cc. IV 

30 

110 




Curare 0.3 cc. IV. . . . 

34 

• 96 

Coramine 1 cc. IV 

2 

110 

Curare 2.0 cc. IV ... . 

37 


Coramine 1 cc. IV 

6 

100 




Coramine 1 cc. IV 

12 

106 

Death 

40 

116 

Coramine 1 cc. IV 

14 

100 


65 

106 





120 

106 

Curare 0.3 cc. IV 

16 

92 




Curare 0.3 cc. IV 

22 

106 





Coramine and curare. Coramine has been reported to increase the intramus- 
cular pressure (Gunther, 3). This agent was administered to five rabbits with- 
out noting any significant effect on the intramuscular pressure. Curare was also 
found to be without effect upon the intramuscular pressure. The data from a 
tj'pical experiment are given in table 2E. 

Human experiments. In preliminaiy experiments with humans it was found 
that Mith voluntary contraction of muscles, and particularly those muscles having 
denser sheaths (the extensors of the wrist and knee) it was possible to raise the 
intramuscular pressure but such increases in pressure did not regularly correlate 
with the strength of contraction. As reported by Wells et al. (8) increasing the 
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venous pressure by an occluding cuff or tourniquet caused an increase in the 
intramuscular pressure in the biceps or gastrocnemius. 

Because of Gimther’s claim (4) that the intramuscular pressure was useful in 
detecting incipient shock, 14 patients® undergoing major surgical procedures had 
continuous observation of the arterial blood pressure, the venous pressiu'e, and 
the intramuscular pressure before, during, and after the surgical procedure. No 
change was noted in the intramuscular pressure in the biceps or gastrocnemius 
after the induction of spinal anesthesia and there was no correlation during the 
surgical procedures between the intramuscular pressure and either the venous 
pressure or the arterial blood pressure. Coramine (nikethamide) which Gun- 
ther has found useful in elevating the intramuscular pressure was admmistered 
intravenously in 5 cc. doses to several of these patients. It was found to cause a 
sharp but short-lived increase in respiratory rate and volume, but there was no 
consistent effect upon the intramuscular pressure. 

In three adults with post-cerebral thrombosis hemiplegia of several weeks’ dura- 
tion no significant difference was obtained in the intramuscular pressure in the 
gastrocnemius of the affected and the unaffected legs. 

SUMMARY 

Intramuscular pressure determinations by the Kerr-Scott modification of the 
Henderson technic showed relatively little change in the posterior thigh muscles 
of the rabbit as a result of nerve stimulation, nerve section, arterial and venous 
occlusion, hemorrhage, spinal cord section, and after death. 

In human muscles with dense sheaths such as tlic extensors of the wrist and of 
the knee, voluntaiy contraction or local venous obstruction increased intramus- 
cular pressure. 

After spinal anesthesia no change was found in the intramuscular pressure in 
human gastrocnemius or biceps. In 14 surgical patients no correlation between 
the intramuscular pressure and either the venous pressure or the arterial blood 
pressure Avas obseiwed. 

REFERENCES 

(1) Henderson, Y. This Journal 27: 152, 1910. 

(2) Henderson, Y. Medicine 22: 223, 1943. 

(3) Gunther, L., H. Engelberg and L. Strauss. Am. J. Med. Sc. 204: 271, 1942. 

(4) Henstell, H. H. and L. Gunther. Am. J. Med. Sc. 209: 187, 1945. 

(5) Hellebrandt, F. A., E. F. IGugler and L. E. A. Kelso. This Journal 126: 247, 

1939. 

(6) Hathaway, F. H. and J. W. Moore. Clinics 2: 1313, 1944. 

(7) DE Vries, A. and H. Milwidsky. ActaJMedica Orientalia 6: 86, 1946. 

(8) Wells, H. S., J. B. Youmans and D. G. Miller, Jr. J. Clin. Investigation 17: 

489, 1938. 

(9) Henderson, Y. Adventures in respiration. Williams and Wilkins Co., 1938. p. 

243. 

(10) Kerr, J. D. 0. and L. D. W. Scott. British M. J. 2: 758, 1936. 

(11) Gunther, L. and H. H. Henstell. J. Lab. Clin. Med. 27: 1339, 1942. 

(12) IGely, W. F., S. L. Hamilton and E. Gellhorn. This Journal 137: 251, 1942. 

(13) Kleinberg, W., W. W. Swingle and H. W. Hays. This Journal 143: 89, 1945. 


^ Through the courtesy of Dr. J. W. Shirer and Dr. S. J. Glass. 



THE EFFECTS OF AHOXEMIC ANOXIA ON EXCITABILITY, 
CONDUCTION AND REFRACTORINESS OF 
MAMMALIAN CARDIAC MUSCLE^ 

A. SIDNEY HAERIS and WILSON P. MATLOCK 

From the Department of Physiology, Western Reserve University Medical School, 

Cleveland, Ohio 

Received for publication June 23, 1947 

A recent study of terminal electrocardiograms of experimental animals dying 
of anoxemic anoxia and in hemorrhagic shock (2) showed that cessation of normal 
sequential activity of the auricles and ventricles is brought about via one of two 
routes. In about one half of the anoxic animals the jfirst departure from normal 
was failure of the pacemaker, often followed for a short period by A-V nodal 
rhythm and then total standstill. In the other half of the anoxic animals A-V 
conduction failure with dissociation or ventricular standstill occurred. Animals 
djdng in hemorrhagic shock almost invariably showed the pacemaker failure 
pattern of termination which characterized one-half of the anoxic deaths. 

The following experiments were designed to study the fundamental functional 
properties of excitability, conduction, and refractoriness of mammalian heart 
muscle under varying degrees of oxygen lack from mild anoxia to the minimal 
level consistent with continued life, i.e., breathing about 5 to 7 volumes per cent 
O 2 in inspired air. It was beheved that such information would provide more 
basic interpretations for the phenoniena observed in heart failure. 

Peepakation. Dogs were used in all experiments. They were anesthetized 
with morphine and barbital sodium. The chest was opened by a midline incision 
of the sternum. The heart was suspended in the opening b 3 '’ suturing the cut 
edges of the ventral incision of the pericardium to the bodj’' walls, forming a 
cradle. 

Artificial respiration was administered via a tracheal cannula. While the 
chest was being opened, and while the animal was receiving a normal atmosphere, 
artificial respiration was produced by the common technique of intermittently 
opening and closing a valve in the compressed air line by a small vacuum-driven 
motor (windshield wiper). 

Rehreathing apparatus. An entirely new and simple arrangement of apparatus, 
not hitherto described, was devised for the administration of artificial respiration 
while rebreathing from a respirometer, and thereby reducing the oxygen content 
of the respired air. A diagram of the apparatus is shoAvn in figure 1. It is a 
basal metabohsm machine modified to make possible its use with artificial respira- 
tion. To the original apparatus was added the tank T which encloses the 
movable bell B. The tank T is airtight except for a small leak where the thread 
passes through its top, a regulated leak valve L, and the tube R which connects 
to an intermittent pressure artificial respiration apparatus similar to the one used 

1 This investigation was aided by a grant from the Ella Sachs Plots Foundation. 
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during the preliminary operations when rebreathing is not desired. In some 
experiments the same intermittent pressure respirator was used for the prelimi- 
nary and control periods and the rebreathing period also. The respiratory tube 
which was connected to the tracheal cannula during the period prior to rebreath- 
ing was shifted to R for rebreathing. The tracheal cannula was then connected 
at A . Intermittent positive pressure within the tank T periodically inflated the 
lungs. Deflation occurred as pressure in T dissipated due to the regulated leak 
L or the side tube on the respiratory tube attached at R. The tracheal cannula 
and the tubes communicating with the interior of the bell B must be leak proof. 



Fig. 1. Diagram of simple rebrcathing apparatus consisting of a Sanborn basal metab- 
olism apparatus with a motor circulator and the added tank T enclosing the oxygen bell. 
The intermittent pressure artificial respiration machine which attaches at R is not shown. 
See text for further description. 

To facilitate deflation it was found advantageous to add fiftj’' grams to the coun- 
terweight C, somewhat overbalancing the weight of the bell. 

At the beginning of each experiment the bell B was filled to its maximal height 
with fresh air. The cannula was connected at A before pressure was admitted at 
R. B}'- periodic measurements of the oxygen concentration it was possible to 
construct an approximate scale of percentages of O2 for ready estimation by com- 
parison with the position of the st3dus on the k3'’mograph at C. In every experi- 
ment estimates from such a scale were verified from time to time by analysis of a 
gas sample. Ox3’'gen could be added at 0 at a regulated rate to maintain any 
desired oxygen concentration. Cai-bon dioxide was absoihed b3'' the soda lime S. 

F or use with dogs or cats the basal metabolism machine must be equipped with 
a motor driven circulator. With the flapper valve system neither the natural 
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respiration of the animal (with closed chest) nor the artificial respiration provides 
sufficient circulation to remove carbon dioxide and maintain a uniform mixture 
of oxygen. 

Stimulating and recording methods. An electronic discharge stimulator was 
used in experiments on excitability and on the duration of refractoriness. The 
shock was in the form of a spike, almost entirely monophasic (opposite phase 
about 5 per cent of main spike) and about 3 msec, in duration. 

The arrangements for delivering testing stimuli to the ventricle at the desired 
point in the cardiac cycle and for recording responses from local contiguous bi- 
polar leads (3) are diagrammatically illustrated in figure 2. The cam wheels A 
and B operated the keys to the inductorium which drove the heart at a controlled 
rate by stimuli applied to the right auricle at D. The S-A node had previously 



Fig. 2. Apparatus for driving the heart at a controlled rate, stimulating the ventricle 
at the desired moment in the cardiac cycle, and for recording from local leads on the ven- 
tricular surface. A and B, cam wheels to control the delivery of break shocks to the right 
auricle through driving electrodes D; C, cam wheel to trigger stimulator discharge to 
ventricular electrodes, S; L, local leads to pre-amplifier, P; 0, Du hlont 20S-B Cathode 
Ray Oscillograph. G.E. Electrocardiograph not shown. 

been clamped. B operated the make-break key, and A short-circuited the make 
shocks. The cam on C operated a key to trigger the discharge of a stimulus to 
the ventricle. The timing of this testing stimulus was fully adjustable with 
respect to the driving stimulus from the break at B. This exact control of the 
timing of testing stimuli was necessary in experiments on the dui-ation of refrac- 
toriness and of shock-spike intervals for the estimation of conduction changes in 
anoxia. In the testing of excitability it was found that comparable results were 
obtained when shocks were timed to fall late in the T-P interval and when the}’’ 
were allowed to fall at random from a self-excited oscillator at a rate two to three 
times the cardiac rate. The stimulating electrodes S were at various times 
placed upon different portions of the ventricular surface, but in the majority of 
experiments they were on the anterior surface of the left ventricle. 

Leads for recording of local electrograms are indicated by the electrodes la- 
belled L. In some experiments three or four local electrode assemblies were used 
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simultaneously. Only one could be recorded at a time but they could quickly be 
changed by turning a selector switch. The potentials were led to the Grass pre- 
amplifier P and then to the amplifier of the Du Mont 208-B cathode ray oscillo- 
graph. The self-excited sweep apparatus of the oscillograph was not used. The 
ndring was changed to provide for horizontal deflection of the action potentials, 
and the movement of the photographic paper provided the time axis. An L-II 
electrocardiogram was recorded b 3 ’’ a G.E. electrocardiograph simultaneously 
vfith the local electrogram in all experiments. 

Results. Excitahility. The thresholds of ventricular muscle to electrical 
stimulation in hearts supplied with normally oxygenated blood, during progres- 



Fig. 3. Graph illustrating the changes in threshold of ventricular muscle and the changes 
in mean arterial pressure accompanying the various degrees of reduction of o.xygen in 
inspired air. 

sive stages of anoxemia and during recoveiy from the effects of severe anoxemia, 
have been studied in careful detail Avith brief (3 msec.) electronic discharges. 

The pattern of excitability changes observed is graphicall}'' illustrated and 
correlated AAUth blood pressure and ox 3 ’'geu concentrations in figure 3. The 
threshold changes tvere c, reduction in threshold voltage during moderate anoxia, 
the reduction persisting until a verj^ seA’-ere anoxic state Avas reached AAdien h, the 
threshold rose rapidly. The Amltage indicated as the threshold at anj^ point is the 
voltage AA'hich produced A’-entricular responses to about one-half of the test shocks. 
Each point during the control period prior to rebreathing represents the result of 
repeated readings. The variation betAA'^een the strength of stimulus required to 
giA'-e an occasional response and that Avhich produced a response upon each stimu- 
lus Avas about ten to fifteen per cent of the threshold A^alue as defined. In the 
fii’st points on the figure the threshold voltage (one response out of eA^erj’' tAvo 
stimuli) AA^as 2.45 Amlts. Rare responses occurred at 2.25 volts and responses AA^re 
regular at 2.57. 
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After rebreathing was started and the oxj^gen concentration of inspired air 
thereby gradually reduced, significant threshold changes became evident at about 
15 per cent O 2 . As the reduction in O 2 concentration progressed the threshold fell 
rapidly and then more gradually. The minimal reading of 1 .26 volts, represent- 
ing almost a 50 per cent reduction, was found at oxygen concentrations between 
9.0 and 6.4 per cent. Below 6.4 per cent the threshold rose very rapidly, and 
from the results of other experiments it is known that the voltage threshold would 
quickly have risen to a value three or four times the original if air had not been 
given at this point to save the animal for the study of thresholds during and after 
recovery from anoxia. 

During the first ten minutes of recovery the threshold rose, reaching a plateau 
at 2.78 volts. This was maintained for about six minutes, after which the 
threshold gradually returned to the original reading of 2.45 volts, reaching it about 
twenty minutes after air respiration was restored. 

A comparison of the excitabilit 5 ’- curve with the mean blood pressure curve is of 
interest. With developing anoxia the blood pressure increased during the period 
of rapid decrease of threshold. Since this heart was driven at a constant rate of 
120 per minute, the increase in pressure is due to factors other than heart rate 
(see discussion). 

The rise of cardiac threshold in severe anoxia does not coincide with the decline 
of mean blood pressure, but follows it. The curves show that the beginning of 
the decline of blood pressure preceded the first rise of threshold bj’’ about eight 
minutes, and that the steep rise of threshold began when the blood pressure had 
reached about 50 mm. Hg on its rapid descent. It appears probable that the 
decline in blood pressure contributes to the cause of the elevation of threshold and 
may precipitate its onset. However, the progressively anoxic state of the muscle 
undoubtedly would have led to loss of excitability somewhat later even if the 
arterial pressure had somehow been maintained at a high level. 

Conduction. Directional and semi-quantitative estimates of changes in con- 
duction rate in anoxia have been made from three kinds of data: 1, shock-spike 
intervals from local leads; 2, P-R intervals, and S, duration of QRS, 

These changes as derived in an illustrative experiment are shown in figure 4 
and the measurements are given in table 1. The stimuli to the ventricle were 
delivered on the anterior surface near the apex and the local lead illustrated is 
from a placement on the right ventricle 41 mm. distant. In the control record A , 
made during respiration of air with normal oxygen content, the shock-spike 
interval was 65 msec. In record B, made during moderate reduction of oxygen 
to 11.4 per cent in inspired air, the shock-spike interval was shortened to 60 
msec. In record C, made in severe anoxia produced by reduction of oxygen in 
inspired air to 6.5 per cent, the shock-spike interval was lengthened to 110 msec. 

Changes in P-R intervals (from auricular shock Au to the beginning of R) and 
in duration of QRS are similar in direction to the changes described for ventricu- 
lar shock-spike intervals, i.e., the durations were shortened during moderate 
anoxia and lengthened during the sevei-e stage. In a very short time, possiblj^ 
one minute after record C was made, a 2 : 1 heart block became evident. 
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possible any statement of an absolute conduction rate. The changes in duration 
of intervals agree in indicating that in moderate anoxia there is a small increase 
in the rate of conduction, while in the severe stage the rate markedly decreases 
before total failure of cardiac function supervenes. 

The shock-spike interval is made up of two components, latency of response at 
the stimulated locus and conduction. It is possible that changes in both con- 
tribute to the shortening of the interval in moderate anoxia and perhaps to the 
lengthening in severe anoxia. Since the maximal shortening of shock-spike 
interval is less than 10 per cent, it is probable that the greatest acceleration of 
conduction is somewhat less. The amount of shortening of the P-R interval and 
of duration of QRS are less than 10 per cent also. 

The lengthening of all intervals in the severe stage is far greater in magnitude 
than the shortening in the moderate stage. Maximal increases of 75 to 100 per 
cent occur before 2 ; 1 A-V block or dissociation occur. 

The notch on the falling limb of the R wave of the ECG (fig. 4) is worthy of 
mention as it also changes with the conduction changes described. Such notches 
are seen quite often in electrocardiograms made with the chest open and the 
ventral surface of the heart exposed to the air. The notching logically is as- 
sumed to be due to the loss from the ECG of potentials produced by those por- 
tions of the ventricular muscle which are no longer in contact with tissues. This 
includes a large fraction of the surface muscle which receives the excitatory im- 
pulse at a time which is intermediate between the early and late portions (3). It 
includes much of the earlj’' responding muscle also, but a notch often results, 
nevertheless. In moderate anoxia during the period of accelerated conduction 
the notch becomes narrower and less obvious, but in severe anoxia with slowed 
conduction the potential components become separated so far that they appear 
as two distinct R spikes. 

Duration of refractoriness. In reporting measurements of refractoriness it is of 
value to describe the stimuli used since the apparent duration of the absolute 
refractory period will vary mth the duration and voltage of the testing stimuli. 
A monophasic stimulating potential applied to heart muscle stores a charge in 
the tissues (polarizes the tissues) about the electrode contacts. This charge 
decays along an exponential curve (5). With strong D.C. stimuli of 12 to 15 
msec, duration the charge is of sufficient magnitude and decaj’-s with sufficient 
slowness to evoke a response at any time during an appreciable period (maximum 
of more than 100 msec, possiblj'-) before the decay curve as 3 ’-mptoticall 3 '- ap- 
proaches zero. The length of the period during which an excitation could result 
is a function of the voltage of the applied monophasic stimulus and undoubtedl 3 ’' 
of its duration also. A strong D.C. stimulus which is applied during the latter 
part of s 3 ^stole while the tissue is incapable of response can therefore cause the 
tissue to respond again as soon as refractoriness has passed. Records showing the 
results of such stimuli applied during systole have demonstrated that responses 
can occur after a dela 3 '^ or long latenc 5 '^. Records using the stimulating electrodes 
as leads to the recording galvanometer have shown that this was a true dela 3 ’- of 
lesponse, and not to be attributed to slow conduction (5). In measuring the 
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duration of refractoriness, therefore, it is necessary to guard against errors that 
might result from the use of strong stimuli (usuall}’’ monophasic or predomi- 
nantly so) to test for the end of the absolutely refractoiy period. 

In these experiments to be reported, errors due to polarization charges have 
been minimized, or standardized, bj' choosing arbitrarily a strength of stimulus 
which is three times the threshold voltage during late diastole in the normally 
oxygenated heart and with a duration of 3 msec. With these stimuli a stored 
charge of stimulating value will be veiy brief in duration and therefore the refrac- 
toiy period determined will closeh'’ approximate the true absolutely refractoiy 
period, e .cept for the limitation below. 

In measuring the duration of refractoriness, the interval between the onset of 
R of the ECG and the moment of delivery of the earliest stimulus which Avould 
evoke a premature systole was sought. Since conduction of the natural impulse 
is involved, this does not measure the duration of absolute refractoriness in the 
tissues under the stimulating electrodes, but since the placement of electrodes is 
constant throughout an experiment, the changes in refractoriness are accurately 
shown in records made in this manner. 

Figure 5 illustrates the method used in these experiments and the results in one. 
The upper electrogram in each section is a cathode raj’’ oscillograph tracing re- 
corded from local leads 1 cm. from the stimulating electrodes. The lower electro- 
gram in each section is an L-II ECG. At first the apparatus was adjusted to 
deliver shocks in mid-diastole or middle of the T-P interval. Then in the suc- 
ceeding minutes, records were repeated with the stimuli a few msec, closer 
to the summit of T in each trial than m the preceding one until responses no 
longer occurred. 

The small vertical lines in or near the local lead T waves and the sharp tall 
spikes in the T wave of the ECG are simultaneous artefacts produced by the 
testing shock. 

The R-shock interval in 5A is 166 msec. No responses were obtained at this 
interval in control trials. The intervals were lengthened again b 3 ’' gradual ad- 
justment of the apparatus until responses to about one half of the shocks were 
obtained. 5B shows a response in the control series. The R-shock interval is 
199 msec. This is taken as the duration of the refractoiy period. 

Measurements at two stages of ox^’^gen deficiencj’’ are illustrated by 5C and 5D. 
In each case the exploratory approach was carried out as in the control. In 
5C, made at the 10 per cent oxygen level, the refractory period (responses to half 
of shocks) was found to average 202 msec. There is no significant difference 
between this and the 199 average of the control. Figure 5D, made at the 7.2 
per cent O 2 level when the heart was dilated and the blood pressure falling, the 
refractory period was found to have shortened to 164 msec. Our measurements 
indicate that spontaneous vai'iations are not greater than ±5 msec. In severe 
anoxia this experiment shows a shortening of the refractoiy period by about 35 
msec. Two other experiments jd elded similar results. One other showed no 
shortening, but records at the most severe stage could not be measured because of 
distortions in the ECG. Two experiments showed a small amount of shortening 
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(12 to 16 msec.) in moderate anoxia and a greater amount (about 30 msec.) 
during the severe stages. No explanation for the inconsistent results in the 

moderately anoxic stages can be given. 

Discussion. All of the observations upon excitability , conduction, and dura- 
tion of refractoriness in moderate anoxia are in agreement in indicating that the 
functional capacity of the heart muscle is not impaired. On the contrary, the 
enhancement of excitability and slight increase in rate of conduction may be inter- 
preted as compensatoiy improvements. This view is strengthened by the finding 
previously well knoum that the blood pressure usually is elevated above the 
control even when the heart rate is held constant. Other evidences of compen- 
satory reactions of the heart and circulatory system in moderate anoxia have 
been reviewed and discussed by Wiggers (8), citing especially the observations of 
Sands and DeGraff (6), and of Strughold (7). In addition to the increase in 
cardiac rate when not experimentally controlled, there is increased velocity of 
ejection. A reflex increase in vasomotor tone (1) contributes to the rise in ar- 
terial pressure. 

The enhancement of excitability of cardiac muscle may be due in part to the 
effect of oxygen lack upon the muscle itself and in part to sympathetic excitation. 
Our experiments do not differentiate between the intrinsic and extrinsic possi- 
bilities. Lehmann (4) has shown that excised mammalian nerves subjected to 
total anoxia exhibit lowered thresholds during the first six to eight minutes, after 
which the threshold rises and excitability disappears. It is improbable that the 
process of excitability differs in fundamental nature in the different excitable 
tissues. Therefore, if one assumes the liberty of applying observations on nerve 
to excitability changes in cardiac muscle we can conclude that all or part of the 
lowering of threshold in anoxic dog hearts is an intrinsic change. 

The increase in rate of conduction and the abbreviation of systole are changes 
that are known to result from sympathetic stimulation and injected adrenalin 
(9). Since there is strong indirect evidence that sj^mpathetic excitation of the 
heart occurs in anoxia (6), the acceleration of conduction and the shortening of 
refractoriness observed in this study could have been due to sympathetic impulses 
and secreted epinephrine. Lehmann’s paper reported that excised nerves con- 
duct more rapidly in moderate anoxia. Therefore, the sympathetic factors and 
anoxic changes within the muscle both may have contributed to the observed 
phenomena. 

Severe anoxia (below 8 per cent) is very dangerous. The danger resides largely 
in the fact that in anoxia there is no recognized simple sign that cardiac failure is 
imminent though it may be only a few minutes away. The arterial blood pres- 
sure which is so often used as an indicator of the condition of animals and patients 
can be of little help unless the readings are continuous. Circulatory collapse ma}'' 
come with great rapidity in anoxia. Even with the chest open, the heart under 
direct observation and the blood pressure manometer alwaj^s in the range of 
vision, we often were unable to anticipate the onset of rapid functional deteriora- 
tion with sufficient accuracy to allow ourselves the three or four minutes required 
to record a full set of records from four or five local leads. At the end of our 
attempts to complete a set of records during this crisis stage, we found upon a 
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number of occasions that revival was no longer possible even after changing the 
respiration to normal air and appljdng cardiac massage. The difficult revivals 
were in trials in which the change back to air was delaj’-ed until the mean lilood 
pressure had fallen to a level below 30 mm. Hg. In these cases the hearts re- 
mained markedl}’’ dilated for some time and contracted feebl 3 ^ In some of these 
attempted revivals the hearts grew feebler and stopped. In others thej'’ gradu- 
ally gained force and appeared normal after 20 to 30 minutes though the blood 
pressure seldom regained the control reading. If the switch to air was made 
while the mean blood pressure was as high as 40 mm., j-ecoveiy was prompt 
though the pressure sometimes was established at a new level somewhat lower 
than the original control. 

From such observations one gains the impression that the heart uses its anero- 
bic sources of energ}'^ to practicallj’’ complete exhaustion by the time the rapid 
fall in blood pressure reaches the 30 mm. level. Recoveiy is hindered or pre- 
vented by the lack of perfusion of the heart adequate to restore its chemical 
energy sources. 

Previous studies have shown that hearts which fail due to overall anoxia cease 
their effective pumping b}’’ reason of either pacemaker stoppage or cessation of 
A-V conduction (2). By the time that these changes become manifest, weakness 
of contraction is evident also. The heart is soft to the touch and empties itself 
to only a small degree. No objective recording of muscular tension was made in 
our experiments, but in tlie optical aiderial pressure curves of Sands and DeGraff 
(6) the rapid decline in mean pressure is accompanied by a great reduction in pulse 
pressure. With a constant heart rate and reduced aortic size (assuming un- 
changed elasticity), this may be regarded as evidence of a reduced systolic dis- 
charge. Therefore it appears that diminution of contractility accompanies the 
slowing of conduction, rise of threshold and pacemaker stoppage which character- 
ize cardiac failure in seAmre anoxia. 

Neither ectopic ventricular systoles nor A'-entricular fibrillation occurred in an}'- 
of^'the thirty dogs used in this series of experiments. Although the excitability 
of the heart muscle to electric stimuli Avas increased considerably during moderate 
anoxia, the increase, evidently, AA^as not sufficient to produce ectopic discharges. 
The rise of threshold during the terminal period Avould seem to reduce the proba- 
bility of ectopic systoles. 

The abbreviation of the refractory period Avould, if of sufficient extent, make 
possible re-entrant conduction and the establishment of fibrillation. HoAveA'er, 
the refractory period AA'as not reduced to a duration of less than about 160 msec, 
while the heart retained sufficient excitability for tests to be made. It has been 
found in studies upon the initiation of fibrillation that a reduction to about 80 
msec, together Avith a considerable sloAA'ing of the conduction rate is required for 
the establishment of ventricular fibrillation in the heart of the dog (5). 

SUMMARY 

Methods for the production of a sloAA'ly developed and accurately controlled 
anoxia and for testing the excitability, conduction changes, and the duration of 
refractoriness are described. 
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During moderate anoxia the excitabilit 5 ’’ of the dogs’ ventricles to brief shocks 
delivered at a constant moment in diastole was found to be increased (threshold 
lowered). In some experiments the maximal change in threshold was near fifty 
per cent. In severe anoxia after the blood pressure curve entered its steep de- 
cline the threshold rose rapidly reaching levels two or three times the control 
within a brief period. 

Changes in conduction rate were indicated by changes in the duration of vari- 
ous intervals which include conduction time. Stimulus-response intervals (from 
local leads), P-R intervals and the QRS of the electrocardiogram all were short- 
ened somewhat during moderate anoxia. All were lengthened rapidly and mark- 
edty when the “crisis” was approached in severe anoxia. 

The duration of refractoriness was shortened in severe anoxia by about 30 
msec, or fifteen per cent. In some experiments a smaller degree of shortening 
was recorded at moderate^ anoxic levels. 

No ventricular ectopic systoles were observed or recorded in this series of ex- 
periments. This together with the smallness of the reduction in the refractorj’" 
period account for the absence of ventricular fibrillations in anoxemic anoxia. 

Because of the suddenness of the collapse in severe anoxia in man}’- experiments 
and the lack of specific signs warning of imminent cardiac failure, it is regarded 
as very dangerous. 
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While definite limitations to the nlilil.y of the circulation time exist, this 
procedure has nevertheless served a useful purpose as a simple laboratory 
adjunct in evaluating the state of the circulation (I). One of the deficiencies 
inherent in most methods of circulation time determinations is the subjective 
character of the end point. This has been recognized and a large variety of 
agents yielding objective end points have been recommended. Some, like radi- 
um-C (2), diodmst (3), fluorescein (4, 5), meth\'lcne blue (0), radioactive sodium 
(7) and thorium-X (S), have the handicap of requiring special cc|uipment for 
their use. Others, like histamine (9), sodium cyanide (10, 1 1 ), lobelinc, (12, 13), 
papaverine (14) and aminophylline (15) are found to be not entirely satisfactory 
either because of the unusuall.y long circulat ion time values obtained, or because 
the end point is not distinct, or becau.se the test, substance tends t o be toxic. For 
these reasons objectiv'e methods have not. been widely employed and reliance 
has continued to be placed on the subjective methods. 

Our recent studies in the dog with acetylcholine'* indicate that it pro\’'idcs an 
excellent agent for the objective measvirement. of circulat.ion time, the end point 
being denoted by the temimrary depression of the sinus node or A-V junction. 
The end point employed was the slowing of the heart rate as I'evealed electro- 
cardiographicall}’’ in the anesthetized dog or in the blood pressure record in the 
unanesthetized dog. In this study an attempt was made to obtain the value of 
the circulation time in the unanesthetized dog and, in the anesthetized dog, to 
localize the site of the objective end point. 

The Circulation Time in the Unancsthclized Dog. Methods. Twenty-two 
normal unanesthetized dogs weighing 9 to 16 kgm. were emplo 3 ''ed. These ■were 
fasted for 20 or more hours prior to the determinations. With the animals 
Ijdng in the right recumbent position, acetylcholine chloride in doses of 1 to 25 
mgm. (0.02 to 0.5 cc. of a 5 per cent solution) was rapidl}'’ injected into the foreleg 
vein via a 20 gauge needle connected to a tuberculin syringe. Because of the 
small volume the injection occupied onlj'’ a fraction of a second. Care was 
taken to permit only a minimum quantity of blood to enter the S 3 Tinge since 
blood cholinesterase rapidlj'' destroys acetylcholine. The blood pressure was 

* Aided by the A. D. Nast Fund for Cardiovascular Research. The department is sup- 
ported in part bj’' the Michael Reese Research Foundation. 

= Herbert G. Maj'er Fellow. 

’ Dazian Fellow, now in Mexico City, Mexico. 

^ We are indebted to Dr. M. J. Schiffrin of HofTmann-L<aRoehe Co. for the generous 
supply of acetylcholine used in these experiments. 
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recorded continuously from the femoral artery by the Hamilton method (16), 
before, during and after the injection, the time of injection being indicated by an 
interruption of the base line (fig. 1). In the early determinations the larger 
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Fig. 1. Blood pressure recorded with Hamilton manometer in unanesthetized dog show- 
ing the effect of injection of 2.5 mgm. of acetylcholine into the foreleg vein. Ordinates 
show the calibration in millimeters of mercury. Abscissae indicate time in seconds. Arrow 
indicates time of onset of injection. The circulation time is 6 seconds (from arrow to 
perpendicular dropped to time line). The period of complete asystole is 2 seconds. 



Fig. 2. Distribution of the circulation times obtained with acetylcholine in the intact 
unanesthetized dog following injection into the forelimb vein. All J second values were 
converted to the subsequent whole number for the sake of clarity. 

doses were employed but in later tests this was reduced since it was found that 
the smaller doses gave equally effective results. 

Results. Figure 2 summarizes the distribution of the circulation time. The 
mean obtained was 6.7 seconds and the distribution curve is fairly sjnnmetrical. 
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The range of values found was 4 to 9^ seconds. The duration of tlieasj'stole 
lasted from 1 to 6 seconds, and the cardiac slowing somewhat longer. The 
maximum depression of blood pressure occurred in 10 to 14 seconds and the 
pressure drop lasted 41 to 340 seconds. No serious reactions were obtained. 
Fleeting side effects such as salivation, urination and slight to moderate excite- 
ment occurred in 5 animals. Frequentlj’' a re.spiratoiy gasp or grunt appeared 
simultaneous!}'- with or immediately following the onset of as 5 '-stole. This was 
generally followed b}”- a tachypnea of a few seconds’ duration. 

The Site of the End Point. Methods. Seven dogs weighing from 9 to 15 kgm. 
were anesthetized with pentoliarliital sodium (25 mgm./kgm.) The chest was 
opened and artificial ’respiration instituted. Acetylcholine was injected as in 
the previous experiments, using 2.5 mgm. (0.05 cc. of a 5 per cent solution). 



Fig. 3. Acetylcholine circulation time recorded electrocardiographicall}’- (lead 2) in the 
anesthetized open-chested dog. The first arrow denotes the time of injection in the supe- 
rior vena cava of 2.5 mgm. of acetylcholine. The second arrow indicates the end point, 
at which the regular auricular response is expected but fails to appear. (Sometimes the 
end point is taken where an expected ventricular response fails to appear.) In this in- 
stance the circulation time is 8.5 seconds. A brief period of complete A-V block is noted 
immediately after the slowing of the auricles. This is followed by a partial A-V block. 
The slowing of the sinus node persists until the end of the record. The duration of ventric- 
ular asystole is 1.6 seconds. 

A continuous electrocardiogram was taken (lead 2) to record the circulation time 
(fig. 3). The time of injection was indicated on the record by a simultaneous 
depression of the lead marker. The circulation time was measured from the 
onset of injection to the point when an expected auricular or ventricular response 
failed to occur on time. The injections were made into the superior vena cava, 
right ventricular cavity, main pulmonary arter}'', left ventricular cavity (near 
the apex), root of the aorta — in the region of the sinuses of ^^alsalva, the aorta — 2 
or 3 cm. above its origin, high in the ascending aorta, the transverse arch of the 
aorta, the descending thoracic aorta, the common carotid arteries, and the 
m 5 mcardium of the right and left ventricles. Bilateral vagotomy was later 
Iierformed in four of the animals, folloiN-ing which injections were repeated in the 
superior vena cava, main pulmonaiy arteiy and root of the aorta. In 2 animals 
a loose cotton ligature was placed about the right coronary arteiy, 1 to 2 cm. 
from its origin, following which acetylcholine was rapidl}^ injected into the main 
pulmonary artery, and the ligature drawn taut to occlude completely the coro- 
nary A'essel. In all, over 160 injections -were made in this series of experiments. 
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Results. The pertinent data are summarized in table 1. It was found that 
injections high in the ascending aorta, in the transverse arch, in the descending 
thoracic aorta and in the carotid arteries yielded no end points. Injections 2 or 
3 cm. above the root of the aorta resulted in a more prolonged circulation time 
than injections made in the region of the sinuses of Valsalva. This suggested 
that the acetylcholine traveled via the coronarj’' arteries to the sinus node and 
A-V junction. Generally, these structures are supplied tlu’ough rami of the 
right coronary artery (17). Accordinglj’-, in several experiments the right 
coronary artery was occluded immediately folloiving the injection of acetylcholine 
into the main pulmonary artery. No end point occurred folloi\dng this coronary 
occlusion initiallj’-, supporting the hj’pothesis. However, when this maneuver 
was repeated after a period of several minutes folloMung occlusion of the right 
coronary arterj’-, an end point again occurred, suggesting the opening of anas- 

TABLE 1 


Circulation tunc values 12 (sec.) obtained in the anesthetized open-chested dog by injection 
into various components of the vascxdar bed traversed 


ANniAL 

SUP. V'ENA CAVA 

RT. VENT. 

main PUUt. ART. 

tEFT VENT, (apex) 

ROOT OF AORTA 

2-3 CU. ABO\*E 
ROOT OF AORTA 


Min. 

Max. 



Max. 


Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av, 

1 


7.5 



6.4 




5.1 

6.0 

5.7 




1.4 

2.1 

1.7 




2 


12.5 

9.9 




5.7 

8.8 

7.5 







3.0 

6.3 

4.3 

3 

6.4 

8.4 

7.1 




kWh 

5.4 

3.9 




1.2 

1.6 

1.4 




4 

7.2 

7.7 

7.5 




6.7 

8.6 

7.6 







2.7 

2.7 

2.7 

0 

KfBl 

11.8 

9.6 




5.7 

6.4 








2.5 

2.8 

2.6 

6 

5.4 

7.3 

6.7 



4.4 

3.8 

4.2 

HR 

2.1 

2.2 

2.1 

liWa 

1.4 

1.1 

1.9 

3.7 

3.1 

7 

5.6 

8.1 

6.5 

6.4 

7.3 

6.8 

4.5 

6.0 


1.4 

2.4 

1.7 

1.4 

1.9 

1.6 




Average* . . . 

6.7 



6.0 



5.2 

■ 

■ 

1.8 



1.3 



3.4 


* Average of total trials performed, 
t To first dropped beat (see text for discussion). 


tomatic channel's between the right and left coronary arteries. Injection directly 
into the myocardium of the right and left ventricles produced no end point. 

Sometimes the standstill affected only the ventricles. Usuall}’’, however, 
auricular standstill occurred. Cardiac standstill generally persisted from 1 to 7 
seconds. Auricular fibrillation following acetylcholine was not infrequent and 
Avas paroxj^mal in character. In the presence of auricular fibrillation the circu- 
lation time was found to be definitely greater than with sinus rhythm, indicating 
that amicular fibrillation per se prolonged chculation time. In 1 a.nima,1 the 
circulation time from the superior vena cava averaged 9.6 seconds during the 
sinus rhythm, ivhile dm'ing auricular fibrillation it averaged 11.2 seconds. 
Similar observations have been made in man (18). 

Frequently in the anesthetized open— chest animal as in the unanesthetized 
one evidence of respiratory stimulation was manifest. This occurred within 2 
to 5 seconds following the injection of acetylcholine. Section of the vagi abol- 
ished these heainng respirator 3 ’' efforts. 
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It is to be noted from table 1 that approximately 50 per cent of the circulation 
time represents passage of acetylcholine through the large cross-sectional area of 
the pulmonary bed. It is e\'ident that the time occupied by acetylcholine in 
this passage from a sj'^stemic vein to the specialized tissue in the heart would 
partition in a similar order. 

Discussion. Acetylcholine appears to offer a clear end point for the objective 
determination of circulation time. There is need for such an objective method. 
Thus it has been shonm (19) that smoking, old age and previous strong stimula- 
tion of the taste buds maj’’ lead to excessive prolongation of circulation time or 
failure to obtain an end point in those methods dependent upon taste or heat 
perception. 

The small volume of acetylcholine offers certain advantages. The duration 
of injection and the volume of agent injected have been demonstrated to exert 
considerable influence on the length of the circulation time. Thus Loevenhart 
et al. (10) found that sodium cj^anide in dogs and rabbits gave a prolonged circu- 
lation time when the injection period exceeded 1 second. Ruskin and Rockwell 

TABLE 2 


Comparison of values for circulation time obtained in the dog with aeetylcholine, 
sodhan cyanide and fluorescein 


AGENT 

VASCULAR CIRCUIT 

CIRCULATION TIME (SEC.) 



Min. 

Mai. 

Av. 

Acetylcholine 

Foreleg to S-A or A-V nodes 

4.0 

9. .5 

6.7 

Sodium cyanide 
Loevenhart et al. (10) . . 

Ext. jugular vein to carotid sinus 

5.4 

1 

8.7 

Olsen et al. (20) 

Femoral vein to carotid sinus 

6 


9-13 

Fluorescein (5) 

Femoral vein to conjunctiva 

9 


12.6 


(19) obtained shortened thiamine circulation time when they increased the 
volume of the thiamine solution despite constancy of dosage. This false low 
value was attributed to the propulsion factor due to injection under pressure' 
through a vdde bore needle. The low figures obtained A^dth diodrast may there- 
fore be, in large part, artefact rather than an accurate measure of the circulation 
time. The small Amlume and the short period of injection (a fraction of a second) 
in the acetylcholine method a^mids these errors. 

Another advantage of the acetylcholine method is its simplicity. The ace- 
tylcholine method can be performed electrocardiographically, or by cardiac 
auscultation or pulse palpation, using the first prolonged beat as the end point. 
Preliminary data in man suggest the possibility that the appearance of a cough 
may also be employed as an end point since it is almost simultaneous Avith, and a 
frequent accompaniment of, the cardiac sloAA'ing. The electrocardiographic 
technique is considered preferable since the measurement can be checked and 
the data filed for inA’'estigatiA’'e purposes. 

In table 2 a comparison is made of the circulation times obtained AAdth ace- 
tylcholine and those reported in the dog AAuth sodium cyanide (20) and fluorescein 
(5). It is eAudent that acet 3 dcholine yields a distinctly shorter circulation time 
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and shows less variation. It would appear that acetylcholine is superior to most 
methods applicable to animals because of its simplicity, accuracy and the con- 
sistent and unequivocal nature of the end point. 

It must be emphasized that inasmuch as acetylcholine is very rapidly de- 
stroyed by blood cholinesterase, only the minimum quantity of blood necessary 
to establish venepuncture be dravm into the syringe and that injection be made 
promptly upon entering the vein. This susceptibility to blood cholinesterase 
tends to eliminate the hazards of the drug since it is unlikely that an appreciable 
period of asystole could develop. Depression of the P-Q segment and a change 
in P wave contour after acetylcholine injection sometimes preceded the slovdng 
of the heart used as an end point. However, these P-Q and P wave changes were 
inconstant compai-ed to the change in rate and therefore not suitable for circula- 
tion time measurements. 


SUMMARY 

Circulation time studies vdth acetylcholine were performed in 22 unanesthe- 
tized normal dogs and 7 anesthetized open-chest animals. The end point was 
the transitory inhibition of the sinus node or, occasionally, the A-V junctional 
tissue. In the unanesthetized dog, records were obtained with the modified 
Hamilton manometer in order to observe simultaneous blood pressure responses. 
Circulation time from foreleg to sinus node or A-V junction was found to range 
from 4.0 to 9.5 seconds, averaging 6.7 seconds. In the anesthetized animal the 
vascular bed was fractionated by injection of the agent into its various compo- 
nents and recording the events electrocardiographically. The average circula- 
tion time (to the first dropped beat) from the superior vena cava was 6.7 seconds, 
from the right ventricle 6.0 seconds, from the main pulmonary arteiy 5.2, from 
the left ventricle 1.8, from the root of the aorta 1 .3, and when injection was made 
2 to 3 cm. above the sinuses of Valsalva the average interval was 3.4 seconds. 
Injection high in the ascending aorta, transverse aorta or in the carotid arteries 
yielded no cardiac end point. Injection into the main pulmonary artery fol- 
lowed by immediate ligation of the right coronary artery likemse resulted in no 
end point on the initial trials, indicating that the agent operated by a direct 
effect upon the sinus node. 

The figures obtained by this method are smaller than those obtained with other 
procedures, for reasons presented in the discussion, and indicate that' a more 
objective and accurate measure of the circulation time is secured with ace- 
tjdcholine. 

It is felt that, owing to its simplicity and greater objectivity, the acetyl- 
choline method may be superior to other available procedures. 

We are indebted to Dr. L. N. Katz for his valuable advice and criticisms in 
the conduct of this studv. 
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In this paper the results of experiments designed to test the effects of long-time 
caloric restriction upon the reproductive capacity and life-span of female A- 
strain mice are reported. Studies on the effects of pure caloric restriction over 
long periods of time are difficult to perform and the results requke cautious 
interpretation. The observations here reported appear to indicate that female 
A-strain mice maintained for 240 days on diets containing amounts of protein, 
vitamins and minerals calculated to be identical noth their litter mate controls, 
but restricted in carbohydrate and fat so that their calorie consumption was 
reduced to about two-thirds of the controls, were relatively infertile during that 
period. Upon institution of ad libitum feeding these animals promptly became 
fertile, and remained so for several months, at a time when the full-fed controls 
were practically sterile, presumably due to senescence. The average life span 
of female mice maintained tlu-oughout life on the calorie-restricted regimen was 
markedly greater than that of the animals fed ad libitum. 

The fact that general and specific diet deficiencies cause suppression of re- 
productive functions is well knovm. Papanicolau and Stockard (1920) showed 
that underfeeding for short periods caused a reversible inhibition of estrus in. 
rats. Evans and Bishop (1922) found that partial inanition or deficiency in. 
vitamin B complex in rats causes a cessation of the estrous cycle. Coward and. 
Morgan (1941) showed that deficiency in thiamine alone produced this effect in 
rats. However, Drill and Burrill (1944) showed that the anorexia associated 
with thiamine lack could account for the results on the basis of reduced total food 
intake. Wliite and Andervont (1943) observed that in the mouse a low-cystine 
diet produced anestms. White and White (1944) noted a similar response to 
lysine deficiency. 

The effects on female mice of the C 3 H strain of caloric deficiency, in the pres- 
ence of protein, vitamin and mineral intake approximately equal to normal 
controls, were studied by Ball, Huseby and Visscher (1943) and Huseby, Ball 
and Visscher (1945). It was found that such restriction caused a decrease in 
the frequency of estrous cycles, an infantile uterus and vagina and a failure of 
mammary gland grouffh. These changes Avere found to be associated Avith the 
presence of OA'^aries containing large numbers of follicles in all stages of develop- 

1 Aided by the Sivertsen Foundation and the Graduate School of the University of 
Minnesota. 

’ Present address, Northwestern University, Chicago, Rlinois. 

’ Present address, Sharp and Dohme, Glenolden, Pennsylvania. 
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ment. The general picture resembled that found after hypophysectomy and 
suggested that the changes in the ovary might be secondary to an anterior 
pituitary effect, and that the end organ alterations might therefore be in whole 
or in part a third order effect of caloi-ie underfeeding. White ct al. (1944) also 
found estrus-inhibition to result from caloric restriction. 

The effects of partial inanition and calorie-underfeeding of rats upon longevity 
have been studied by McCay and his co-workers (1935, 1939a, b, 1943), Will 
and McCay (1943) and Riesen, Herbst, Walker and Elvehjem (1947). Studies 
on mice were reported by Visscher, Ball, Barnes and Sivertsen (1942). In 
general it has been found that animals on the lower calorie intakes outlived their 
litter mate controls. However, numerous factors enter into the results. They 
Avill be discussed later. 

Experimental procedure. One hundred and forty-four A strain female 
mice were separated at weaning into two equal groups, one of which -was placed 
on the calorie-restricted diet, and the other consisting of their litter mate sisters 


TABLE 1 

Composition of the diets 


COMPONENT 

CONTROL DIET, CRAM/IOO 

RESTRICTED DIET, GRAll/100 

Glucose 

33.0 

22.0 

Casein 

28.0 

37.4 

Lard 

17.0 

12.3 

Yeast 

8.0 

10.6 

Alfalfa leaf 

4.0 

5.4 

Salt mixture* 

7 0 

9.3 

Cod liver oil 

2.0 

2.0 

Wheat germ oil 

1.0 

1.0 




* CaCOs— 543, Mg CO3— 25, Mg SO4— 16, NaCl— 69, KCl— 112, IvHjPO^— 212, FePOi— 
21, KI— 0.08. 


was fed the control diet ad libitum. The diet compositions for the two groups 
are shovii in table 1. These two diets are so constructed that when the con- 
sumption of the restricted diet is held at three-fourths of that of the control, 
the calorie intake is reduced appro.ximately one-third, while the intakes of 
protein, vitamins and minerals for the two are identical. The actual average 
food intake of the two groups of mice over the first 120 days of life is shovTi in 
figure 1. It will be seen that the experimental design was not perfect in that 
the food intake of the controls during the period 20 to 60 days Avas more than 
the anticipated four-thirds of the restricted. For the next sixty days the average 
observed A'^alues approached those planned. The intake of the restricted group 
was held at 1.51 grams per day throughout the remainder of the experiment. 
The food consumption of the controls AA^as measured b3'' AA^eighing the food cups 
at each filling. The food offered the experimental group aars measured daily 
for each mouse, using a series of holloAA'ed-out brass molds, cut to hold the desired 
quantity bj’' AA^eight of the food mixture. Repeated calibration shoAA^ed that ac- 
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curacy to ± 5 per cent can be obtained by this method. Food was compounded 
at two week intervals. The non-spill feed cups employed ivere 2 inch oint- 
ment tins noth tops which had a circular hole just large enough to admit the 
head of an adult mouse. All mice were individually housed in small galvanized 
iron wire cages with solid tops and bottoms, cleaned and sterilized weekly. 
Tap water was continuously available. The animals were kept in an air-con- 
ditioned room at a temperature of 78 ± 4°F and relative humiditj’’ of 45 ± 10 
per cent saturation. Body weights were recorded dailjL When the restricted 
females were approximately four months of age they were mated daily by placing 
males of knovm virility in their cages after the female had consumed her daily 
ration of food, and left together overnight. The male was removed before the 
next feeding. Thus no complication in food intake was introduced. When a 
restricted female became pregnant her litter mate control was mated. In this 
way the number of pregnancies in the two groups was kept the same. All 
litters were removed at birth. 
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Fig. 1. Food intake of control and calorie-restricted A strain mice. 


At 240 days twenty-six of the calorie-restricted mice selected at random from 
the total living at that time were fed the control diet ad libitum. They were 
again exposed to potent males and as they became pregnant their litter mates 
in the original control group were also mated. The decline in fertility in the 
full-fed animals at this point in the life span made it impossible to maintain 
equal numbers of pregnancies from this time forward. 

At death each animal was dissected grossly and tumors were studied bv mici-o- 
scopic section. 

Results. The weight records of the mice treated as indicated above are 
shovm in figure 2. It is to be noted that the average bodj’- weights of calorie- 
restricted animals fluctuated around 17 grams during the period after, 60 days 
while the ad lihiixm controls showed a rising curve, broken at 260 days by an 
unfortunate epidemic of a generally non-fatak respiratory infection, reaching 28 
grams at 340 days. The weight response of the calorie-restricted animals to 

^ See the mortality data below to verify this assertion. 
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subsequent full feeding at 240 da 3 's was dramatic. Within 40 days these mice 
attained the same body weight as their litter mates who had received the control 
diet ad libitum since weaning. 

Figure 3 shows a part of the results of the studies on fertility of A strain 
females in relation to caloric restriction. Several striking facts are evident. 
Although every normal control of the 20 tested was fertile up to 240 days, after 
that period onlj’’ 20 per cent, or 4 of 20 mated, were capable of becoming pregnant 
on repeated tests. In the calorie-restricted group 31.3 per cent of the 64 mated 
dail}^ became pregnant at least once in tlie earlj'^ months, while only 12.5 per 
cent of 32 tested were fertile later. However, vdthin two weeks of the beginning 
of ail. libitum feeding aftei* 240 daj^s of caloric restriction eveiy female of 26 so 
treated became pregnant. 



Aqe in day^ 


Fig. 2. Average bod 3 ' weights of full-fed control, calorie-restricted, and restricted- 
ref ed A strain mice. 

The differences are much more striking when the total number of pregnancies 
obtainable is taken into account. If one divides the total number of pregnancies 
in a gi'i^en group of mice b}'’ the number of mice and by the number of months, one 
obtains a fertility index, representing the average number of pregnancies per 
mouse per month. Taking the period from 243 to 374 days for the restricted, 
the restricted-subsequentl 5 '' full fed, and the fulb' fed control groups, the values 
are 0.04, 0.65 and 0.05 respectively’’. The index for the period 115 to 241 day’^s 
in the restricted group is 0.08. The original data from which these figures are 
calculated are showm in table 2. 

It can be said therefore that on the diets employed in the study A strain 
females restricted approximatety one-third in calories for 240 day’s and sub- 
sequently’ fed ad. libitum, had 13 times as many’ litters in the next 4 months as 
did their control litter mates fed ad libitum from weaning. 



CA1.0KIC KESTRICTION, FERTILITY AND LONGEVITY 


515 


The data concerning life span are shoisni in figure 4. It is evident that under 
the conditions of this experiment calorie-restricted mice tended to outlive their 
litter-mate sisters. Caloric restriction to 240 days of age with subsequent full 
feeding w^as associated ivith a slight, but not definitely significant, increase in 
life span. It should be noted that all cancer deaths are eliminated from the 
data in figure 4, by removing such animals from each series. The cancer in- 
cidence in the several groups is showm in table 3. It will be noted that there 
■was a zero incidence of cancer in the life-time calorie-restricted group. The 
relatively low'' cancer incidence in the fullj’’ fed breeders is believed to have been 



Age in months 


Fig. 3. Percentage of A strain- mice becoming pregnant at least once at various ages in 
relation to dietary treatment. 

the result of the fact that the mice bore on the average only slightly more than 
one litter apiece. It may be noted that the average cancer age is higher in the 
restricted-refed anhnals than in the control breeders. 

The effects which have been described are believed to have been brought about 
by caloric restriction. Two points require notice in this regard. One is the 
fact mentioned earlier, that the restricted animals were fed, during part of their 
life spans, amounts of protein, vitamins and minerals somewhat less than their 
fully fed controls received. The amount fed the experimentals was fixed on the 
basis of observations of mean food intake of normal A strain females in a pre- 
liminary group of studies. 
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However, the restricted animals received amounts of protein, vitamins and 
minerals entirelj'' adequate for normal gi-ondh and function in the presence of 
adequate calories. Therefore the results are imquestionably a result of caloric 
restriction. It is uncertain, however, whether the same degree of caloric restric- 
tion with a higher absolute protein intake might not jdeld a quantitatively 
different result. It is possible that with more protein it would require greater 

TABLE 2 


Breeding history in relation to caloric restriction 

s ' 



115-190 

ACE IN' PAYS 

191-241 

243-374 

PREGNANT AT 
LEAST ONCE 





% 

Calorie-restricted 




39.1 

No. mated 

64 

57 

32 


No. pregnant once 

20 

1 

4 


No. pregnant twice 

0 

1 

1 


No. pregnant 3 times 

0 

0 

0 


Restricted and refed 




100.0 

No. mated after refeeding 

— 

— 

26 


No. pregnant once 

— 

— 

26 


No. pregnant twice 

— 

— 

20 


No. pregnant 3 times 

— 

— 

17 


No. pregnant 4 times 

— 

— 

10 


No. pregnant 5 times 

— 

1 

1 


Controls I* 




100.0 

No. mated 

20 

1 

— 


No. pregnant once 

20 

— 

— ■ 


No. pregnant twice 

— 

1 



Controls Ilf 




20.0 

No. mated 

— 

— 

20 


No. pregnant once 

— 

— 

4 ■ 


No. pregnant twice 

• 

— 

0 



* Bred only after each litter mate in calorie-restricted group had become pregnant. 

.t Bred only after each litter mate in restricted and refed group had become pregnant, 
— Indicates that animals were not bred for a particular period. 

0 Indicates no litters after total number had been mated repeatedly with males of known 
virility. 

caloric restriction to produce the degree of infertility seen in the underfed mice 
in this study. 

The second point to be noted is that whenever the non-protein calories are 
insufficient to meet the basal and activity energy requirements, protein itself 
vill be burned for fuel. In this connection it should be mentioned that the 
calorie-restricted mice in these experiments were obviously more active than 
their controls. No quantitative activity measurements yvere made but the 
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restricted animals spent so much more time climbing up and donm their cage 
walls and doors than did the controls that any observer could identify the group 
of animals on restriction simply b3’’ noting which were more active in this regard. 
Thus caloric restriction may aggravate the tendency to 'burn protein for fuel. 
When calorie intake is lowered to the point that this occurs it is no longer mean- 



Aqe in days 

Fig. 4. Mortality data on A strain mice in relation to dietary treatment. 


TABLE 3 

Mammary cancer incidence on control and calorie-restricted diets 



1 

NUMBER 

NUMBER 

PER CENT 

AVERAGE 


OF MICE 

OF TUMORS 

TUMORS 

TUMOR ACE 





months 

Control 


I 



Breeders 

21 

4 

19 

11.1 

Virgins 

Restricted 

51 

[ 

1 

2 

1 

4 

16.6 . 

1 

Breedens* 

! 21 

0 

0 

_ 

Virginst 

Restricted-refed 

1 43 

1 

1 


' — 

Breeders 

26 

5 

19 

15.7 

Virgins t 

0 

— 

i 



* Mice becoming pregnant one or more times. 

t Mice exposed repeatedly to males of known potency but did not become pregnant, 
t All mice in the restricted-refed group became pregnant. 


ingfid to speak of simple caloric reslriclion because there is also an amino acid 
deficiency for processes of growth and repair. This problem poses a dilemma 
which cannot be resolved on the basis of the facts at hand. For the time being 
therefore the simple descriptive facts must be accepted and the interpretation 
in more fundamental terms must be left for future investigation. 

The dietary caloric restriction employed in these studies produced a state of 
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near-sterility in the mice. The fertility index of 0.08 between the ages of 115 
and 141 days is about ten per cent of the usual value found at the same age in 
fully-fed A strain females in this colon3L No figm’e for the latter quantity is 
available in this study because of the design of the e.xperiment. The prompt 
increase in fertility index to 0.65 upon full-feeding indicates that the caloric 
restriction serA'-ed essentiallj’’ to delaj'^ the occurrence of sexual maturity, without 
diminishing the capacity for maturation, to an}’’ large degi*ee at least. There is 
no evidence in these observations that the 8 month old calorie-restricted mouse 
is much different in reproductive capacity from a pre-puberal full-fed animal. 
These observations give indication that caloric restriction simpl}’- retards sexual 
maturation rather than leading to an abnormal state. 

However, the fact that the suiAUval rate of. the animals was definitely dimin- 
ished by full-feeding after 8 months of restriction indicates that such treatment 
did not prevent earl}’’ senescence from occurring. . If the mortality data from 
eight months onward are considered it wall be seen that 50 per cent of the sur- 
A’l^^ng controls died in 125 days. Half of the survi\’ing calorie-restricted mice 
died in 200 days, w’’hile half of the restricted re-Yed animals died in 140 days. 
Furthermoi-e the striking longe^’ity of a few of the life-duration calorie restricted 
gi’oup did not appear in either of the other groups. It w'ould appear that ad 
libitum feedmg in this experiment was incompatible w'ith long survival in aged 
mice. The question of Avhether early restriction appreciably lengthened the 
life span in females subsequently full-fed cannot be answered by the results of 
this experiment. The slight effect, noted abo^'c, may be due to random varia- 
tion ; on the other hand, it ma}’’ be a real effect. Furthermoi’e it must be recalled 
that this group bore on the average 3 litters apiece, while the controls bore an 
average of only 1 litter apiece. Since litter-bearing itself reduces the life ex- 
pectancy, according to Murray (1936), the slight prolongation seen here may be 
an indication that virgins so treated might show a greater effect on longevity. 
No experimental test of this question has been made in this stud}L 

Mter this study was underway it was evident that autopsies after death w’ould 
not permit significiant statements as to cause of death except from malignant 
tumors. All animals dying with mammary carcinoma are eliminated from 
statistical consideration because it is knowoi from the studies of Visscher, Ball, 
Barnes and Sivertsen (1942), Tannenbaum (1942), and others, that caloric 
restriction greatly louvers breast cancer incidence. No other tumors were noted 
with sufficient frequency to permit an evaluation of the effects of the e.xpen- 
mental procedures upon their incidence. All of the statements made above refer 
to deaths due to causes other than mammary carcinoma. The most important 
question, namely, what types of pathological process associated with senescence 
were delayed in appearance by calorie underfeeding, remains for further study. 

SUMMARY 

1. Calorie underfed female mice of the A strain show" a fertility index of 0.08 
litter per mouse per month during the period to 8 months of age, and 0.04 there- 
after. 
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2. When previously underfed females are allowed food ad libitum at 8 months 
of age their fertility index rises to 0.65 litter per mouse per month, which ap- 
proximates the normal for young fidl-fed females. 

3. It is concluded that maturation with respect to reproductive capacity is 
retarded or postponed when low calorie feeding is imposed through a large 
fraction of the average normal life-span. The calorie underfeeding did not 
prevent subsequent maturation and nonnal gestation at an age when full-fed 
littermate sisters had become nearly sterile from senility, sho\ving a fertility 
index of only 0.05 litter per mouse per month. 

4. In the experiments reported, 25 per cent of A strain female mice subjected 
to life-time caloric restriction were alive at an age when all of their full-fed 
littermate sisters had died. 

5. Considering the survival beyond 240 days in these experiments, the 50 per 
cent mortality times for the life-time calorie-restricted group, the 8 month, 
restricted, subsequently fuU-fed group, and the full-fed controls were 200, 140 
and 125 days respectively. Some factors influencing the significance of these 
observations have been discussed. 

6. The caloric restriction employed in these studies retarded sexual maturation 
but did not prevent its occurrence upon subsequent full-feeding, and was asso- 
ciated with a tendency toward a longer life-span. 

7. Caloric restriction for 240 days, vdth subsequent full-feeding, did not 
prevent a significant incidence of mammary carcinoma although it increased 
the average cancer age above that in comparable non- virgin, fully fed controls. 
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Studies dealing with the substitution of one inorganic element for another 
in physiological processes have not been extensive. Most such experiments 
have dealt with either the interrelationships of the alkaline earth metals or 
substitutions of single elements in enzyme systems. /\ji example of the former 
line of approach is the observation that rubidium and cesium may partially 
replace potassium in the diet of the gi-owing I'at (1, 2). Morphological studies 
have further indicated that myocardial and renal necroses, which are so charac- 
teristic of potassium deficiency in animals, may be modified when either ru- 
bidium or cesium is added to a potassium-deficient regimen. Of particular 
interest, therefore, is a report (4) which indicates that boron may have a bene- 
ficial effect on rats fed a diet of low potassium content; for this reason the fol- 
lowing morphological observations have been cari-ied out. 

Methods. The basal potassium-deficient diet consisted of casein (Labco), 
18; lard, 10; sucrose, G7.8; salts (5), 4 and choline, 0.2. Fifteen drops of ^^osterol 
were added to each kilogram of diet. Ciystalline vitamins- were administered 
orally three times weeldy, each animal receiving the following amounts per week; 
thiamine chloride, 0.2 mgm.; riboflavin, 0.28 mgm.; calcium pantothenate, 1.0 
mgm.; pju'idoxine, 0.2 mgm.; inositol, 0.1 gi’am; and para-aminobenzoic acid, 
0.5 gi’am. Alpha tocopherol, 1.0 mgm. per animal, was given weekly. 

Albino rats weighing 40 to 50 gi-ams were used and were divided into the 
following gi’oups: Potassium-deficient, basal diet alone, 9 I’ats; potassmm-deficient 
boron added, basal diet plus 1.0 per cent borax (Na 2 B 407 ), 15 I’^ts; potassium 
control, basal diet plus 0.85 per cent potassium chloride, 3 rats; potassium control 
boron added, basal diet plus 0.85 per cent potassium chloride plus 1.0 per cent 
borax, 6 animals. 

The animals were placed in screen-bottomed cages. Food and water were 
furnished ad libitum. Microscopic studies were made of at least two blocks 
of heart muscle and one of the enthe kidney in each animal. 

Results. A. Potassium-deficient group. These animals on the basal diet 
(less than 0.01 per cent potassium) gi’ew poorly and all Avere dead by the fourth 
week. The average gain AA’-as 1.5 gram in the first Aveek and 4.5 during the second 
week. All shoAA'^ed necrotic foci in the myocardium and changes in the tubular 
epithelium of the kidneys similar to those AA’^e have described elseAAhere (6). 

' Present address: Johns Hopkins Hospital, Baltimore 5, Maryland. 

- Furnished through the courtesy of Dr. D. F. Robertson, Merck and Company. 
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B. Potassmm-defiaient boron added group. The rats on the basal diet with 
added boron (0.22 per cent) grew just as poorly as did those of the above series; 
there was no prolongation of survival time. The average gain in weight was 1.8 
gram for the first week and 4.2 grams during the second week. All showed 
lesions in the mjmcardium as well as characteristic renal involvement. '\^TLen 
sections of heart and kidnej’' from animals in this and the preceding gi’oup Avere 
compared, no differences were apparent. 

C. Potassium added group. Those animals receiving the basal diet supple- 
mented with 0.44 per cent potassium gi-ew well, gaining 12 grams the first week 
and 14 grams the second. "V^Tien sacrificed the hearts and kidneys were entirely 
normal. 

D. Potassium added boron added group. The 6 rats in this group which re- 
ceived 0.44 per cent potassium and 0.22 per cent boron all grew well and in a 
comparable manner to the above rats. Wlien killed the hearts and kidneys 
showed no lesions. 

Discussion. As is well knovui, boron is an indispensable element for the 
groAvth of certain plants (7). In contrast, when the role of this element in 
animal nutrition was pointedly studied, no evidence for its indispensability 
could be found (8-10). The observations, reported by Skinner and McHargue 
(4) in rats, on the addition of boron to a potassium-deficient diet are of great 
interest. This experiment was prompted by studies which had been carried 
out in plants (11) in which potassium deficiency was shovm to affect the absorp- 
tion of boron from synthetic media. Skinner and McHargue (4) are careful 
to make the point that their experiments provide no evidence for any close inter- 
relationship between boron and potassium in the animal body, the inference 
being that the effects which they found: increased survival time and greater 
concentration of hepatic glycogen and body in fat in the boron supplemented 
rats, are the correction of a boron deficiency. 

The morphological observations cited above do not provide any evidence 
for an interrelation betAveen boron and potassium. Lesions characteristic of 
potassium deficiency develop as readily in the heart and kidney AA^hether or not 
boron is added to the diet. Nor AA'ere AA^e able to proAude any evidence that the 
groAvth rate or surviA'-al times of our potassium-deficient animals are at all af- 
fected by boron supplements. The discrepancies betAA'een the tAvo series of 
experiments may be explained by differences in the potassium and boron contents 
of the diet; the former being loAver in the present experiments, AA’hile the latter 
was about tAAuce as high. 


SUMMARY 

Morphological studies haA’-e been carried out on the heart and kidneys of rats 
placed on Ioav potassium diets, supplemented Avith boron. The lesions AA-hich 
occurred in such animals AA'^ere no different from those encountered in uncom- 
plicated potassium deficiency. Boron supplements haA'^e no appreciable effect 
on growth or surviA’-al time under the conditions of this experiment. 
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These studies on kidney function in the rabbit were undertaken with the two- 
fold objective of first, establishing such control conditions that this animal could 
be made available for routine experiments designed to test the effects of various 
chemical and physical agents on renal activity, and secondly, examining some of 
the factors which might contribute to alterations in glomerular activity. 

Marked alterations in glomerular activity are regularly encountered in cold- 
blooded animals (1-3). Among mammals the seal exhibits considerable vari- 
ability of glomerular function with augmentation induced by protein feeding 
■(4), and diminution by asphyxia (6). In the dog the glomerular filtration rate 
is less labile but varies from day to day with dietary intake of protein and the 
state of hydration of the animal. Marked changes immediately follow the intra- 
venous infusion of glycin (6). In man there is remarkable constanc}’’ in the rate 
of glomerular filtration even when alterations in renal plasma flow are induced as 
with pyrogens and adrenalin (7). However, reduction of glomerular filtration 
rate is acheived with the sustained upright position which presumabty elicits a 
neurogenic vasoconstriction of the afferent arterioles (8). 

In the rabbit it has been shovni by Kaplan and Smith (9) that creatinine and 
inulin clearances, which measure the glomerular filtration rate in this animal, 
increase with increasing urine flows and fail to reach maximal values. Similarly 
Mayrs and Watt (10) showed that renal blood flow measured directlj^, and 
glomerular filtration rate calculated from sulfate clearances, were subject to 
great variations. Recently Dicker and Heller demonstrated that in the rabbit, 
unlike the rat, inulin clearances increased with increases in urine flow (11). 
On the other hand, Walker, Schmidt, Elsom and Johnson concluded after measur- 
ing renal blood flows in the rabbit by stromuhr that, although the blood flow 
varied, there was no coiTelation between urine flow and the renal blood flow or 
creatinine clearance (12). Vriiite concluded, on the basis of observations made 
following renal perfusion of a carbon suspension, that deprivation of food and 

* Supported in part by a grant from the Penrose Fund of the American Philosophical 
Society. 
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water did not close glomeruli and that, except possibly in extreme conditions, 
all the glomeruli in the rabbit were open all the time (13). W. W. Smith failed 
to find a correlation between urine volume and filtration rate but showed that 
when the renal blood flow, calculated as the diodrast clearance, increased follow- 
ing administration of mannitol by intravenous infusion there was a concomitant 
increase in filtration rate as measured b 3 ’- the inulin clearance (14). 

Methods. In. these experiments rates of glomerular filtration were measured 
as creatinine clearances (8), renal plasma flows as p-aminohippurate or diodrast 
clearances (14-16), and variations in the number of functioning glomeruli as 
the amount of glucose reabsorbed by the tubules under such plasma loads of the 
sugar as were sufficient to saturate the tubular glucose reabsorptive mechanism 
(8, 17). IMethods used for the precipitation of plasma proteins and for the 
chemical determination of diodrast and p-aminohippurate Avere the same as 
those used by Smith et al. (16). Creatinine Avas determined b^’’ a photoelectric 
modification of the alkaline picrate method (18), and glucose by the modification 
of Folin’s method described by Shannon, Farber and Troast (17). 

In the 46 experiments reported in this paper 368 clearance periods AA^ere 
measured on 41 different male rabbits AA'hich ranged in weight from 2.2 to 4 
kgm. While the rabbits AA'ere in the laboratory thej’’ AA'ere maintained simply on 
AA'ater and a single complete feed especiallj'’ prepared for rabbits (Allied Mills, 
Inc.). TAA'enty-four to fort 3 ^-eight hours before an e.xperiment AA'as begun hydra- 
tion AA'as achieved b3’’ AAuthdraAA'ing diy food and allowing the animals to eat all 
the greens (cabbage usually) AA'^hich they AAmuld take. During the experiment 
the 3 '’ AA'^ere restrained in a supine position on an animal board. The male rabbits 
AA'ere catheterized A\ath a lubricated no. 18 or 20 soft rubber 2-holed catheter. 
It AA'as inserted until the tip projected about 2 inches be 3 ’-ond the pehuc girdle. 
The bladder AA'as then alloAA'ed to contract against the tip AA'hich automatically 
adjusted its insertion until it no longer caused tension of the bladder AA'all. The 
rabbit’s bladder has sufficient tone to contract doAATa until it snugly wraps the 
tip of the catheter in such manner that no appreciable amount of urine pools in 
the bladder. This AA'as repeatedly checked b3' rinsing the bladder AA'ith measured 
quantities of AA'ater and by directly observing the bladder AA'hen the body cavity 
AA'as opened. This proved important because it usuall 3 ' obviated the necessity 
of Avashing the bladder after each urine collection. A hole AA'as put in that part 
of the catheter AA'hich projected outside the animal. This allowed the urine to 
drain readily from it and decreased the dead space in catheter, bladder, ureter 
and kidney to about 2 ml. The catheter AA'as not tied in place during the ex- 
periment. After it had been automatically adjusted by contraction of the 
bladder AA'all, it characteristically adhered to the tissues of the urinaiy passage 
sufficiently to AA'ithstand the animal’s struggling AA'ithout being expelled. While 
the technique of catheterization AA'as being developed occasionall3' the catheter 
AA'ould unavoidably enter the large seminal A'esicles instead of the bladder. This 
proved troublesome but rarely occurred after experience AA'ith the technique 
AA’as acquired. Rabbits kept on a diet of di 3 ' food characteristicall 3 ' had A'er 3 ' 
concentrated urine with considerable cream-colored precipitates, even though 
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water for drinking ivas freel}'- accessible. After 24 hours on a diet of greens, 
however, the urine was dilute, free of precipitates, and almost colorless. 

Blood samples were taken from either the marginal ear vein or the central 
ear artery on the side not being infused. The ear was customarilj^ heated to 
dilate the vessels and a 5 ml. blood sample was obtained by syringe. Heparin 
was used as an anticoagulant and blood was immediately centrifuged follondng 
withdrawal. Two milliliters of plasma were used for the chemical determina- 
tions, a 15: 1 dilution being obtained in the process of precipitating proteins with 
the cadmium technique. Hematocrits were deteimined by centrifugation and 
specific gravity of plasma by the copper sulfate method (19). 

Constant intravenous infusions were given into the marginal ear vein via a 
mercury gravity pump. Mercury in a 250 ml. leveling bulb or separatory funnel 
dropped adjustable distances thi'ough i-ubber tubing tipped by a fine capillaiy 
into a 250 ml. side arm suction flask Avhich contained the infusion fluid. The 
capillary tip was made from glass capillary tubing which was dranm out and fused 
until it dehvered about 0.5 ml. of mercury per minute under a convenient head 
of pressure. Tips of this sort were made which steadily delivered as little as 
0.1 ml. per minute. Transparent plastic tubing led away from the side aim of 
the suction flask to the infusion needle. Inserted in the system several inches 
beyond the needle was a length of two inches of good gum rubber tubing which 
would not leak after being repeatedly punctured in the process of administering 
the priming solution. A no. 19 medium bevel hypodermic needle one-half inch 
long was used for the intravenous infusion, and was made to fit into the tubing 
by saiving and filing until its attachment was reduced to an appropriate size to 
fit without leaking. To start delivery of the infusion fluid a clamp on the vertical 
rubber tubing between the side arm flask and the leveling bulb was removed. 
This allowed the mercury to run through the calibrated glass capillary tip dis- 
placing infusion fluid ivhich in turn was forced out through the side arm. Trans- 
parent tubing was helpful here to detect air bubbles which might enter the venous 
system. With the infusion fluid flondng through the needle it ivas inserted into 
the marginal ear vein and secured with a paper clip. Tubing of small diameter 
permitted considerable movement of the animal’s head without disturbing the 
needle within the vein. The tube ran through a warm Avater bath of such tem- 
perature that the fluid ivas dehvered into the vein at about the body temperature 
of the rabbit. 

The object of infusion was to introduce creatinine, p-aminohippurate and 
glucose into the circulating system at the same rate these compounds Avere being 
excreted so that their concentrations in the plasma would remain relativelj'- con- 
stant during the experiment. They were originally introduced into the circula- 
tory system in a priming injection that attained the desired plasma level of each 
compound. Regulating the rate of delivery and concentration of the infusion 
fluid served to maintain these plasma levels. The priming injections AA''ere ad- 
ministered by syringe needle through the gum rubber insert in the infusion de- 
hyery tube. A typical control rabbit (Rm) Avhich Aveighed 2.9 kgm., and whose 
kidneys weighed 14.5 grams, Avas infused at the rate of 0.6 ml. per minute with a 
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solution containing 10 grams of mannitol, 3.2 ml. of a 20 per cent solution of 
Na p-aminohippurate, 3 grams of creatinine, and 40 grams of glucose made up to 
a volume of 300 ml. Avitli Ringer’s solution. The priming injection consisted of 
1 gram of mannitol, 0.1 ml. of 20 per cent IMa p-aminohippurate solution, 250 
mgm. of creatinine, and 2.5 grams of glucose. The first blood collection was 
taken one hour later and its plasma concentrations were as follows: 1.68 mgm. per 
cent of p-aminohippurate, 30.5 mgm. per cent of creatinine and 955 mgm. per 
cent of glucose. The blood collections were taken from the ear artery during the 
e.xperiment. Over a period of 3.5 hours the p-aminohippurate plasma concen- 
tration rose from 1.68 to 1.70 mgm. per cent, creatinine from 30.5 to 37.2 mgm. 
per cent and glucose fell from 955 to 793 mgm. per cent. The urine flows varied 
between 1.2 and 0.74 ml. per minute. 

An important factor in assuring accuracy with renal clearance determinations 
is to maintain the urine flows high enough that a reliable measurement of their 
volume can be made. Infusion with saline solution was not enough to maintain 
adequate urine flows in the rabbit. Hydration by administration of water by 
stomach tube resulted in elevating the rates of glomerular filtration and renal 
plasma flow so that steady control values could not be attained. Hydration was 
achieved by placing the animals on a cabbage and lettuce diet for 24 or more hours 
before the e.xperiment began. The rabbits ate large quantities of these greens 
and a state of hj'-dration was achieved which was not accompanied by fluctuating 
glomerular filtration rates or renal plasma flows. Another important factor in 
maintaining high urine flows during the experiment was the inclusion of the os- 
motic diuretic mannitol in both the infusion fluid and the priming injection. 

Urine was collected and measured directly in a small graduated clyinder. All 
samples were diluted to 2 ml. per minute to obviate difficulties in chemical de- 
termination due to fluctuations in rates of tubular water reabsorption. A 2 
ml. sample of this was subsequently diluted 125:1 in a volumetric flask. Two 
milliliter aliquots of this diluted urine Avere used for the determination of the 
glucose concentration, 10 ml. for the creatinine, and 2 ml. for the p-aminohip- 
purate determination. Ten milliliter aliquots of the diluted plasma filtrate were 
used for the p-aminohippurate determination, 5 ml. for creatinine and 2 ml. of 
a 90:1 dilution for the glucose determination. 

Results. A. Basal values and the absence of any effect of the animal’s position 
during the experiment on systemic blood pressure or renal function values. Rabbits 
restrained in a supine position on an animal board for as long as 5 hours main- 
tained constant blood pressure and renal clearance imlues. To test the possi- 
bility that different values might be obtained with the animal in some position 
other than supine, renal blood floiv and glomerular filtration rates were measured, 
and blood pressure determined with the rabbits maintained in prone and in 
sitting positions as ivell. Such experiments disclosed that no alteration of these 
factors Avas obtained AA'ith changing positions. 

Control rabbits in these e.xperiments had bod}^ AA'eights ranging from 2.2 to 4 
kgm. and kidney AA'eights from 14.5 to 24 grams. Kidne3'' and body AV'eights did 
not bear a close relation to one another, and also there AA'as not a close correlation 
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between either of these and renal clearance values. Hence, in these experiments 
the infusion rate and the concentrations of creatinine, glucose, and p-amino- 
hippurate in the infusion fluid and priming solution were administered without 
variation from animal to animal despite differences in body weight. In figure 
1 is represented the renal clearance values characteristically obtained in a 
control animal. This experiment (R54) was outlined in detail under “methods”. 
No significant shifts in renal plasma flow or glomerular filtration rates were ob- 
tained in over 3 hours. 



Fig. 1. Control. An e.vperiment showing characteristic control values for the renal 
plasma flow, the glomerular filtration rate, the filtration fraction and the urine 'flow in 
ml./min. in arabbit which weighed 2.9 kgm. and whose kidneys weighed 14.5 grams. ' These 
values remainedconstant for the three hours during the expei-iment while the rabbit 
was restrained in a supine position on an animal board. 

Fig. 2. Water diuresis. This rabbit responded to the administration of 150 ml. of 
narm nater with a three-fold increase in urine flow which was accompanied by concomi- 
tant increases in the renal plasma flow and the glomerular filtration rate. Renal plasma 
flow, glomerular filtration rates and urine flows are expressed in terms of milliliters per 
minute. 

In several experiments the effects of altering the rate of infusion were studied 
by augmenting the usual infusion flow with an equivalent amount of Ringer’s 
solution. Doubling the rate of infusion in this manner had no effect on the 
creatinine and p-aminohippurate clearances. 

B. Recruitment of glomenilar activity induced hy the adniinisiraiion of loater 
by stomach tube. Rabbits kept in the laboratory on a diet of dry food maintain 
very low urine flows even though free access to drinking water is provided. In 
rile course of these renal clearance determinations it was soon found that infusing 
Ringer’s solution intravenously did not ensure urine flows sufficiently high to be 
measured accurately. Diuresis was attempted by administering tepid water 
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bj'’ stomach tube. This Avas found to be generall}’’ effective in increasing urine 
flows but was accompanied bj'' such corresponding increases in the creatinine and 
p-aminohippurate clearances that it was impossible to obtain steady control 
values for experiments designed to test factors which might alter renal activity. 

. Figure 2 illustrates the effect of the administration of Avater bj’’ mouth on the 
renal plasma floAV and filtration rate. The urine Aoav increased from 0.3 ml. per 
minute to over 1.0 ml. per minute folloAA'ing the administration of 150 ml. of AA'ater 
to this rabbit AA^hich AA'eighed 3 Icgm. This aa-’us accompanied bj’’ an increase in 
the renal plasma Aoav from the aA'^erage control value of 70 ml. per minute to 
104, AAdiile the glomerular filtration rate rose from 14.3 ml. per minute to 20.2. 
The filtration fraction remained unchanged. 

To test AAdiether this increase in glomeinlar acti\dt 3 ’’ AA'as due to previously 
non-functioning glomeruli becoming actiA'^e under the effects of this increased 
water load, the rate of tubular reabsorption of glucose AA'as calculated AA'ith the 
glucose plasma leA'-el raised sufficientlj’’ high to ensure saturation of the tubular 
glucose reabsorptive mechanism. In figure 3 the glucose Tm is shoAAm to parallel 
the increase in renal plasma Aoav and glomerular filtration rate. In this animal 
Avhich AA'eighed 2.2 kgm. the administration of 110 ml. of AA'ann AA'ater bj'' stomach 
tube AA'as folloAA'ed by an increase in the glucose Tm from 37 mgm. per minute to 
64, AA'hile the renal plasma Aoav increased from 34.6 ml. per minute to 63 and the 
glomerular filtration rate rose from 11 .9 ml. per minute to 21 .4. This increase in 
the amount of glucose reabsorbed by the tubules AA'ould not parallel increases in 
the rate of glomerular filtration unless glomeruli previously inactive began 
actiA'ely filtering after the administration of Avater. The renal plasma flow, 
the filtration rate and the glucose Tm (number of functioning glomeruli) were 
found inA'ariably to increase foUoAA'ing diuresis obtained bj' administering Avater 
by stomach tube. Diuresis, howeA'er, did not inA'ariably foUoAV the administra- 
tion of Avater in this manner. The mechanism underb'ing this increase in glo- 
merular activity folloAA'ing the administration of AA'ater is obscure. Hematocrits 
and the specific gi-avity of blood AA'ere routinely measured but no regular relation 
betAA'een the degree of hemodilution and alterations in glomeinlar activity Avas 
found. 

C. Diuresis without recruitment of glomerular activity following the intravenous 
administration of mannitol and theophylline. Although increases in urine Aoav 
were accompanied by corresponding changes in renal blood Aoav and glomerular 
filtration rate AA'hen the diuresis AA'as induced by administering AA'ater by stomach 
tube, variations in urine floAV could be obtained in the absence of alterations in 
glomerular activity. Mannitol and theophylline administered intravenously 
were both effective agents in increasing urine floAv by diminishing the rate of 
tubular water reabsorption. 

Mannitol was found to be a A'ery dependable agent in promoting high urine 
flows and was regularly incorporated in the infusion fluid for this purpose. In 
rabbit 1152 represented in figure 3, after Iaa'o control periods an additional 1.5 
grams of mannitol Avas dissolved in several milliliters of Ringer’s solution and in- 
jected intravenously. This was folloAved by a doubling of the urine flow AA'ithout a 
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corresponding change in either filtration I'ate or renal plasma flow. In a similar 
experiment the urine flow rose from 0.14 to 0.64 ml. per minute following the 
iniection of mannitol while the glomerular filtration rate actually was depressed 
from 46.2 to 37.6 ml. per minute, and the glucose Tm fell from 33.4 to 25.6 mgm. 
per minute. There can be no doubt that this diuretic effect of mannitol was 
simply due to alterations in the tubular reabsorption of water. 



Fig. 3 Fig. 4 

Fig. 3. Mannitol diuresis and water diuresis. This exjieriment demonstrates that 
diuresis can be achieved without accompanying alterations in glomerular activity. 
Mannitol injected intravenously merely affected tubular water reabsorption and markedly 
increased the urine flow withoutproducing concomitant alterations in renal plasma flow 
or glomerular filtration rate. On the other hand, the administration of 110 ml. of water 
by stomach tube later in the e.xperiment resulted in increased glomerular activity along 
with an augmented urine flow. 

Fig. 4. Theophylline diuresis. The xanthine diuretic, theophylline, effectively increases 
urine flow by its action in simply blocking tubular reabsorption of water. Diuresis is 
achieved while the renal plasma flow, the glomerular filtration rate and the number of 
functioning glomeruli are unaffected following its intravenous injection. Renal plasma 
flow, glomerular filtration rates and urine flows are expressed intermsof ml./min. 


Theophylline administered intravenously in the rabbit had an effect similar to 
that of mannitol. In figure 4 the urine flow can be seen to rise from 0.6 to 1.65 
ml. per minute without a concomitant change in either the glomerular filtration- 
rate or the renal plasma' flow foUoudng the injection of 3 ml. of a saturated solu- 
tion of theophylline. Also, in control clearance periods the random variations 
in urine flow were characteristically independent of simultaneous alterations in 
the rates of glomerular filtration or renal plasma flows. Hence, though altera- 
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tions in glomerular activity accompany diuresis following the administration of 
water by stomach tube, variations in urine flow can also, under other conditions, 
be induced simpl}’- bj^ alterations in the rates of tubular water reabsorption 
without an)’- corresponding changes in renal plasma floAvs or glomerular filtration 
rates. 

D. Reduction of glomerular activity following the administration of ether. The 
lability of the afferent circulation previously demonstrated by the administration 
of water was further shoAAm by the reduction in glomerular activity following the 
inhalation of ether. In si.v rabbits e.vamined ether inhalation invariably resulted 
in a diminution of the renal plasma flow, the glomerular filtration rate, the glucose 



Fig. 5 Fig. 6 

Fig. 5. Ether anesthesia. Tlie relative lability of glomerular activitj’ in the rabbit is 
demonstrated b 3 ^ the effectiveness of ether inhalation in reducing renal plasma flow, glom- 
erular filtration rate and number of functioning glomeruli (glucose Tm). 

Fig. 6. Sodium pentobarbital anesthesia. This experiment demonstrates that the state 
of anesthesia per se does not. result in a depression of glomerular activitj'. Renal plasma 
flow, glomerular filtration rates and urine flows are expressed in terms of ml./min. 

Tm, and the urine flojv. These reductions in renal function Avere obtained AA'ith- 
out significant changes in systemic blood pressure. Illustrated in figure 5 is a 
typical experiment in AA'-hich, after 3 control periods, ether AA’-as administered by 
inhalation cone for 12 minutes. Despite marked reduction in renal plasma floAV 
and filtration rate the return to normal values AA’as rapid. During the last period 
AA-ith the inhalation cone removed the animal AA'as still sufficientlj^ anesthetized to 
. abolish the corneal and limb reflexes. These results, together AA'ith the observa- 
tions on sodium pentobarbital effects, indicate that this reduction in glomerular 
actij’ity is not a feature of the state of anesthesia per se, but rather is the result of 
neurogenic reflex afferent arteriolar vasoconstriction induced by the administra- 
tion of this irritant anesthetic agent. ■ 
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E. Anesthesia without reduction of glomerular activity following the administra- 
tion of sodium p&ntoharhital. Sodium pentobarbital was administered in anes- 
thetic doses to 3 rabbits without affecting the renal hemodynamic values in any 
way. In figure 6 an experiment is represented in which 72-mgm. of sodium 
pentobarbital was injected intravenously. Despite the increased urine flow 
following the administration of the anesthetic there was no concomitant change 
in renal plasma flow or glomerular filtration rate. The diuretic effect elicited 
in this experiment was not obtained in the others. These experiments demon- 
strate that the rabbit can be deeply anesthetized without inducing any changes 
in glomerular activity. 

Discussion. The outstanding feature of renal function in the rabbit is the 
relative lability of glomerular activity. Marked increases in renal blood flow 
and glomerular filtration rates can be obtained following the administration of 
water by mouth and diminutions can be observed following the administration 
of ether by inhalation. Alterations in the number of functioning glomeruli 
accompany these changes. This is demonstrated hy the corresponding fluctua- 
tions in the amount of glucose reabsorbed by the tubules when the plasma glucose 
concentration is sufficiently high to ensure saturation of those tubules being 
perfused by the filtrates of actively functioning glomeruli. These observations 
complement those of Kaplan and Smith (8) who noted that the inulin clearance 
of rabbits rose with increases in urine flow, and those of Dicker and Heller (10) 
who further noted that alterations in the rate of tubular excretion of diodone also 
accompanied these rises. While these fluctuations in glomerular activity are not 
characteristically a feature of renal activity in man, the rabbit is not distinctive 
in this respect even among mammals. Pitts (6) has suggested that this vari- 
ability of glomerular function, also noted in the seal and dog, is perhaps an ad- 
justment to needs precipitated by periodic gorging of food and water in these 
animals in contrast to those eating and drinking practices of the ancestors of 
man which might have characteristically been more frequeiit and regular. 

The behavior of the rabbit in response to ether inhalation differs from that 
observed in the dog (Craig, Visscher and Houck, 20) in that the former responds 
more sensitively by showing marked reductions in renal blood flow and filtration 
rate ivith light anesthesia, whereas no such depression of renal function is ehcited 
in the dog unless the animal is placed under deep anesthesia. In both the rabbit 
and the dog the renal changes are attributed to neurogenic constriction of the 
afferent arterioles of the kidney. The absence of an effect of sodium pento- 
barbital anesthesia on renal function noted here was similarly observed by 
Corcoran and Page (21). 

However, despite the fact that urine flows in the rabbit fluctuate when changes 
are induced in the rate of glomerular filtration, under basal conditions the filtra- 
tion rate and renal plasma flow remain constant for long periods of time, and 
alterations in urine flow then are simply the result of alterations in the rates of 
tubular water reabsorption. This role of the renal tubules in regulating the rate 
of water elimination in the rabbit can be dramatically demonstrated by the intra- 
venous administration of the diuretic agents, mannitol and theophylline. 
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T^Haen the method of treatment outlined in this paper is followed the rabbit 
constitutes an excellent animal for renal clearance studies. E-\’-en the untrained 
animal can be restrained for hours and yet maintain uniform blood pressure and 
renal function values. Rabbits can be kept in good condition in the laboratory 
for long periods of time on a single complete feed, and they can be adequately 
hydrated in preparation for renal clearance studies simply by feeding greens for 
a 24 hour period prior to the experiment. Failure to take into account lability 
of glomerular activity, especiallj’’ as it is affected b}^ water administration, has 
prevented the rabbit from being widely adopted for renal function studies. 
However, Anth adequate provisions made to ensure steady control A’^alues this 
animal, because of the ease of handling and because it can be used untrained, 
is well suited for routine instructional and research studies in kidney physiolog3^ 

STOUnVRY 

hlarked alterations in the mte of glomerular filtration, the renal plasma floAV, 
and the number of functioning glomeruli rvere readil3’- produced in the rabbit. 
Increases in these values followed the administration of water b3^ stomach tube 
and decreases accompanied the administration of ether b3’’ inhalation. 

Under basal conditions, hower’^er, the glomerular filtration rate, the renal 
plasma flow and the number of functioning glomenili remained constant for long 
periods of time. Random variations in urine flow under control conditions were 
simpl3’' the result of alterations in the rates of water reabsorption b 3 '’ the renal 
tubules. Similar^’' diuresis following the intrar'^enous administration of mannitol 
and theoph3dline was acheived b5’- reduction of tubular water reabsorption 
AAdthout alterations in glomerular activit3^ 

Deep anesthesia was induced b3>' the intraA^enous administration of sodium 
pentobarbital AA'ithout the occuri-ence of concomitant changes in blood pressure 
or renal function Amlues. 

The uniformit3’- of renal blood floAV and glomerular filtration rates which were 
characteristicalb’’ maintained under control conditions for long periods of time 
even in the untrained rabbit recommends the use of this animal for instructional 
and research studies in kidne3'- physiolog}’-. 
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This study ivas undertaken to examine responses made by the renal circulation 
to increases in systemic blood pressure in unanesthetized animals. The kidneys 
were denervated and the adrenal glands demeduUated to avoid such nervous or 
hormonal effects as might be reflexl 3 ’' induced bj^ the procedure emploj^ed in 
neurogenicall}’’ obtaining pressure increases via severing the depressor nerves 
and clamping the carotid arteries. Interest in this problem stems not onij’’ from 
the general importance of an understanding of basic pressure-flow relationships, 
but also from the attention directed to alterations in renal blood flow as an ex- 
planation of the possible role of the kidnej’’ in the genesis of hj^iertensive disease. 

It has. been repeatedlj'- shown that the most characteristic feature of the renal 
circulation is the constancj’’ of renal blood flow which is maintained despite ex- 
tensive variations in blood pressure. This was demonstrated in a cla?sic ex- 
periment by Burton-Opitz and Lucas in 1911 (1). Renal blood flow was measured 
bj’’ stromuhr on the renal vein in dogs narcotized with chloroform or ether, and 
rises in arterial blood pressure were obtained by central excitation of the vagi. 
Characteristically no change in blood flow was detected despite pronounced rises 
in arterial blood pressure. This led them to conclude that the renal blood vessels 
tonically retain the normal size of the bloodbed. After renal denervation, in 
this preparation, the accommodation in increased pressure was lost and the renal 
blood flow .was readilj'' altered passively. However, Opitz and Sm 3 ’'th showed 
in dogs narcotized with morphine-pernactone that blood pressure variations 
elicited by the carotid sinus reflex did not alter renal blood flow as measured by 
stromuhr in intact or in denervated kidne 5 '-s (2). The earl 3 ’' literature dealing 
with the effect of changing pressure on renal blood flow as estimated b 3 ’’ oncometer 
and stromuhr in anesthetized .animals has been reviewed b 3 ’’ Smith (3). 

An opportunit 3 '' to measure renal blood flow and glomerular filtration rates 
in unanesthetized animals was provided with the introduction of clearance tech- 
niques. Bing, Thomas and Waples (4) induced chronic hypertension neuro- 
genicall 3 '' in dogs, and demonstrated that the renal blood flow and glomerular 
filtration rates remained constant or fell Arith the onset of increased blood pres- 
sures. The studies on the unanesthetized rabbit reported in this paper indicate 
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that this adjustment to acute pressure increases is made ivithout the mediation 
of reflex nerve action or secretory activity of the adrenal medulla. 

Methods. Renal clearance procedures employed in this study were discussed 
in detail in an earlier paper (5). Renal plasma flow was measured as the p- 
aminohippurate clearance. The glomerular filtration rate was represented by 
the creatinine clearance, and estimation of the number of functioning glomeruli 
was obtained by calculation of the amount of glucose reabsorbed by the renal 
tubules when the glucose plasma level was high enough to ensure saturation of 
those tubules being perfused by glomerular filtrate. 

The male rabbits used in this study varied in weight between 2.2 and 3.8 
kgm. At least 3 weeks before the acute experiment the kidneys were denervated 
by completely stripping the renal pedicles and the adrenal glands were demedul- 
lated. , 

Blood pressure was measured directly by cannulation of the femoral artery. 
Under local anesthesia the depressor nerves were severed and, following several 
control periods, elevated systemic blood pressure was induced by clamping the 
carotid arteries. Blood and urine samples were collected before and after eleva- 
tion of blood pressure and chemical analyses were made for creatinine, glucose, 
and p-aminohippurate in each. Blood hematocrits were recorded and specific 
gravity of blood samples determined by the copper sulfate solution method. 

Measurement of retraction of the nictitating membrane of the eye was used on 
3 animals to test the possibility that detectable amounts of adrenine Avere 
liberated by the experimental procedure used to raise blood pressure. To test 
the possibility that denervation was not complete and that renal response to the 
neurogenic hypertensive procedure might be reflex, the vagus nerve was stim- 
ulated electrically to keep the blood pressure normal while the carotid arteries 
were clamped in 3 animals Avith adrenals demedullated and kidneys denervated. 

Results. The effects of increased blood pressure, neurogenicallj'- induced, 
were measured on the kidneys of 10 male rabbits which previously had their 
kidneys denervated and adrenal glands demedullated. Figure 1 illustrates an 
experiment in which, after 3 control periods of 21, 26, and 15 minutes each, the 
mean systemic blood pressure was raised from 75 to 110 mm. Hg by clamping 
the carotid arteries folloAA'ing section of the depressor nerves. This eleAmted 
pressure AA’^as maintained for 9 minutes. During the last 17 minute period the 
carotid circulation Avas restored by remoAung the clamps. The 47 per cent in- 
crease in pressure resulting from clamping the carotids did not significantly alter 
renal plasma Aoaa’’ (p-aminohippurate clearance), or glomerular filtration rate 
(creatinine clearance). In the period before clamping the carotid arteries the 
renal plasma flow Avas 72 ml. per minute and the glomerular filtration rate AA'as 
23.9. After the blood pressure Avas raised these Amlues AA'ere 73 and 24.8 ml. per 
minute respectively. The number of functioning glomeruli (glucose Tm) AA'as 
actually diminished Avith the elevation in pressure. Forty-seA^en and nine-tenths 
milligrams per minute of glucose AA'ere reabsorbed by the tubules in the period 
AAdth the pressure at 75 mm. Hg, and 45.9 mgm. per minute at the elevated 
pressure. 



536 


ROY P. FORSTER AND JULIAN P. JIAES 


Figure 2 represents the effect of elevated blood pressure on renal plasma flow 
in all the animals studied. The mean control systemic pressure in the femoral 
artery was 79 nun. Hg, and the mean increase following clamping the carotid 
arteries was 34 mm. Hg. Renal plasma flow increased slightly in 6 experiments 
and actually decreased in 3. A mean pressure increase of 43 per cent resulted 
in such accommodation by these denervated kidneys that the mean plasma flow 
increase was onl}'- 5 per cent. 



Fig. 1. Renal response to the elevation of systemic blood pressure in a large male rabbit 
(R 64 , 3.8 kgm.) whose kidneys were denervated and adrenal glands demedullated 3 weeks 
before the acute experiment. After 3 control periods during which the mean pressure, 
with depressor nerves cut, was 77, 7G and 75 mm. Hg respectively, the pressure was suddenly 
elevated to 110 mm. Hg by clamping the carotid arteries. This 47 per cent increase in 
pressure did not significantly affect the renal plasma flow (p-aminohippurate clearance), 
the glomerular filtration rate (creatinine clearance) or the filtration fraction. The eleva- 
tion in urine flow is characteristic and was noted even in those e.xperiments where an actual 
diminution in renal plasma flow and glomerular filtration rate was induced with increased 
blood pressure. Renal plasma flow, glomerular filtration rate and urine flow are expressed 
as ml ./min. 

The effect of increased systemic blood pressure on glomerular filtration rate 
is illustrated in figure 3. A rise in filtration rate accompanied the increase in 
pressure in every experiment but one, but, as with renal plasma flow, the slight 
increase in rate indicated that an adjustment to pressure rise was made in these 
denervated kidneys which prevented the filtration rate from passively following 
the pressure increase. The 43 per cent mean systemic pressure increase resulted 
in raising the mean glomerular filtration rate only 8 per cent. The number of 
functioning glomeruli paralleled, in general, the glomerular filtration rate. 
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When Lamport’s formulas were used to calculate renal aSerent and efferent 
arteriolar resistance (6) it became apparent that the adjustment made by the 
kidney to pressure rises was chiefly an increase in resistance, presumably vasocon- 
striction, afferent to the glomeruli. Figure 4 illustrates the invariable increase in 
afferent resistance which accompanied increased systolic pressure, whereas no 
such uniform change in efferent resistance ivas noted. 



Fig. 2. The effect of elevated blood pressure on renal plasma flow in all animals studied 
Each line represents a separate experiment and connects plasma flow in control period prior 
to clamping carotid arteries with flow values after elevated pressure was induced. Num- 
bers identify individual animals. In 3 instances the renal plasma flow was actually less 
at the higher pressure than during the control period. Animal 74: had one kidney. All 
kidneys were denervated and adrenal glands demedullated. 

Experimeuts were desigued which demonstrated that the adjustment made by 
the kidney to pressure changes were not due, first, to incomplete denervation of 
the kidneys and, secondly, to reflex secretion of adrenine induced by the ex- 
perimental procedure employed in elevating blood pressure. In 3 rabbits with 
adrenals demedullated and kidneys presiunably denervated the carotids were 
clamped following section of the depressor nerves, but blood pressure was pre- 
vented from rising by electrical stimulation of the vagus nerve. This did not 
induce increases in renal afferent resistance in any of the animals. The possible 
liberation of adrenine following neurogenib pressure increase was tested in 3 other 
animals with adrenal glands demedullated and kidneys denervated. Retraction 
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of the nictitating membrane of the eye was used to test for the release of adrenine 
into the circulatory system. In 2 animals no retraction accompanied the pro- 
cedure and in one rabbit a slight retraction was recorded. This indicated that it 
was quite unhkelj'’ that in these animals w'ith adrenals demedullated the increase 
in renal afferent resistance was due to adrenine refle.xly liberated from an extra- 
adrenal source. 



Fig. 3. The effect of elevated blood pressure on glomerular filtration rates in all rabbits 
e.vamined. In all experiments but one (Reo) the glomerular filtration rate rose with in- 
creased pressure but the rates did not passively follow pressure rises. The mean pressure 
increase was 43 per cent whereas the glomerular filtration rate increased only 8 per cent 
Animal 74 had one kidney. All kidne}"S were denervated and adrenal glands demedullated. 

Discussion. The experiments just described illustrate the autonomy of the 
renal circulation in the unanesthetized animal, particularly mth reference to 
increases in systemic blood pressure. This relative constancy of renal blood 
flow at normal or high blood pressures has repeatedly been demonstrated (3, 4, 
7-9). The observations here on the rabbit further demonstrate, however, that 
accommodation to pressure increases is obtained in totalb'’ denervated kidneys 
and without the mediation of adrenine secretion. 

Winton (9), Lamport (10) and Selkurt (7) have pointed out that as a conse- 
quence of filtration at the glomerulus post-glomerular blood undergoes hemocon- 
centration and increased viscosity until it is subsequently diluted by tubular 
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water reabsorption. Should the glomerular filtration rate vary mth blood pres- 
sure, corresponding alterations in viscosity would result in buffering the renal 
circulation against pressure fluctuations with the result that constant renal blood 
flow would be maintained. This explanation cannot be applied to the experi- 
ments in this study because the glomerular filtration rate, as well as the renal 
plasma flow, remained relatively constant despite marked increases in pressure. 
No increase in blood viscosity could be obtained which would be great enough to 
counteract the increased pressure produced. The failure of the filtration rate 
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Fig. 4. The effect of increased blood pressure on resistance in the renal circulation af- 
ferent and efferent to the glomeruli as calculated by Lamport’s formulas. These results 
are from all animals studied and relate to the same data presented in figures 2 and 3. The 
increase in afferent resistance is achieved in these denervated kidneys presumably without 
the mediation of adrenine. 

passively to follow blood pressure rises indicates that the accommodation in the 
renal circulation which resulted in uniform flow was made afferent to the glo- 
meruli. The basic mechanism by means of which the renal circulation ac- 
commodates to elevations in blood pressure under these circumstances remains 
obscure. 

\ 

SUiMAIARY 

The relative autonomy of the renal circulation in unanesthetized rabbits, 
particularly with reference to increases in blood pressure, persists even in animals 
with kidneys denervated and adrenal glands demedullated. 
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Acute neurogenic blood pressure elevations were experimentally induced and 
clearance techniques employed to measure the effect of pressure increases on 
renal plasma flow and glomerular filtration rates in 10 male rabbits. A mean 
pressure rise of 43 per cent for all animals studied was accompanied bj"" an increase 
in renal plasma flow of 5 per cent, and in glomerular filtration rate of 8 per cent. 
Three of the animals showed decreased renal plasma flow with the increase in 
blood pressure, and a fall in glomerular filtration rate was noted in one. 

A rise in resistance afferent to the glomeruli accompanies blood pressure eleva- 
tion. • The basic mechanism accountable for this pressure-flow accommodation 
remains obscure. 
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Koch (1927) found that ether and chloroform decrease the injury'- potential of 
peripheral nerve. Hober, Andersh, Hober and Nebel (1939) observed depolari- 
sation in frog and crab nerve when treated noth the narcotics ethyl urethane, and 
chloral hydrate and with am 3 d alcohol, and in crab nerve ■sHth the local anesthe- 
tics cocaine and novocaine. Bishop (1932) had previously reported, however, 
that amjd alcohol and cocaine in concentrations sufficient to abolish nerve con- 
duction produce a “positive resting potential”. This was recentlj’’ confirmed by 
Bennet and Chinburg (1946) for a number of local anesthetics. However, they 
found that some of these drugs when permitted to act over longer periods udll 
cause nerve depolarisation. Wright (1947) showed that ether and alcohol vapor 
cause a distinct depolarisation of mammalian nerve, which to a certain degree 
parallels the depression of the action potential caused by these agents. 

Since the narcotics seem to affect the polarisation state of the peripheral nerve, 
it was of interest to investigate the effect of such di'ugs on the polarisation of 
central nervous elements. It has been found (van Harreveld, 1946) that during 
asphyxiation of the spinal cord it is possible to lead off from the gray matter a 
“depolarisation potential”, the course of which indicates that first the more 
sensitive parts of the neuron (probably mainly the nerve cells) depolarise, 
followed by the depolarisation of the more resistant parts (fibers). The methods 
used in that investigation have been found to be feasible for the examination of 
the effects of drugs on the polarisation state of central nervous elements. The 
action of two narcotics, ether and pentobarbital (nembutal), mil be described. 

Methods. An active electrode was placed into the graj’’ matter of the spinal 
cord at the level of L 7 or S 1, and an indiffei'ent electrode on an anterior root of 
one of these segments. After amplification the potential changes were recorded 
with a coil type galvanometer (for a more detailed description see van Harreveld, 
1946). 

Curare (Intocostrin, E. R. Squibb & Sons, 0.5 cc/kgm.) was administered to 
prevent disturbance of the electrodes by active mov'^ements of the animal. 
Ai’tificial respiration was given during the entire experiment. The blood pres- 
sure was recorded continuously. It was usually possible to maintain a blood 
pressure of at least 10 cm. of mercury by infusing, when necessary, adrenaline 
(10 ®) into the jugular vein. The maintenance of a reasonable blood pressure is 
an essential part of these experiments since the narcotics, especially in large 
doses, tend to cause a drop in blood pressure. When sufficiently pronounced 
this impairs the oxygenation of the cord and thus causes depolarisation. It 
has been possible to inject A\dth this technique up to 5 times the narcotic dose 
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of pentobarbital, 40-50 mgm./kgm. (Fulton and Keller, 1932), without a 
marked drop in blood pressure. 

Pentobarbital was injected into the carotid arteiy. Larger amounts can be 
administered by this method at a higher rate, without endangering the heart 
action, than when this di’ug is given intravenousl 3 ^ It was customary to add a 
small amount of adrenaline to the pentobarbital to combat the drop in blood 
pressure Avhich would otherwise result from such an injection. 

Ether was administered by bubbling the air for the artificial respiration 
through an ether bottle. 

Asphyxiation of the cord was produced bj'" clamping the aorta between the 
diaphragm and the coeliac arteiy. The blood supply through the spinal arteries 
had been arrested by cutting the spinal cord at Th 11 or 12. 

Cats were used exclusivel 3 ^ The preparation was made in ether narcosis. 

Results. The effect of penioharhital on the polarisation state of the spinal cord. 
The effect of pentobarbital was investigated in preparations in which asphyxia- 
tion of the cord had been shovm to produce tlie usual depolarisation potential. 
As described before (van Harreveld, 1946) clamping of the aorta causes a galva- 
nometer deflection indicating a deA'eloping negati^dty of the graj"- matter. This 
deflection usuall}^ reaches a maximum in 1.5 to 2.5 minutes. The amplification 
selected for the present e.xperiments was such that this maximum caused a 3 to 
5 cm. galvanometer deflection, representing a potential difference ^’aiying from 
a few to as high as 20 mV. 

After having thus established the response of the spinal cord to asphyxiation, 
pentobarbital was injected into the carotid arteiy in doses of 50 mgm./kgm. 
(the narcotic dose). The administration of such a large dose of pentobarbital 
in the course of 1 to 2 minutes usually has surprisinglj^ little effect. In many 
experiments no deflection at all could be ascribed to the injection of the drug; 
in others it caused a small galvanometer movement, the direction of which was 
inconsistent. This movement was sometimes temporaiy, the galvanometer 
returning to its original position a fcAV minutes later. The subsequent injection 
of several such doses of pentobarbital had no more effect than the first, as long 
as it was possible to prevent a marked di’op of the blood pressure by the infusion 
of adi-enaline. 

The absence of a consistent electrical effect might indicate that the adminis- 
tration of pentobarbital does not affect the polarisation state of the spinal cord. 
However, Artth the method used, depolarisation can be detected only if part of 
the nem’on depolarises, as for example during the first phases of cord asphyxia- 
tion, Avhen the cell bodies depolarise but the fibers are still little affected (van 
Harreveld, 1946). If the entire neuron depolarises uniforml}’', no potential 
difference can be expected between the gray and white matter of the cord. The 
observation that pentobarbital does not cause a consistent potential difference 
thus may also indicate a uniform change in the polarisation state of the entire 
neuron. To distinguish between these possibilities, use "has been made of the 
depolarisation potential during short asphyxiations of the cord, as a measure 
of the polarisation state of the neuron pai’ts most sensitive to ox 3 'gen lack (cells). 
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If pentobarbital depolarises the neuron one would expect a decrease of the 
asphyxial depolarisation potential. 

It was found that the deflection caused by clamping the aorta grew smaller 
and smaller as more and more pentobarbital was administered. In table 1 the 
data of 5 experiments are collected. The aorta was clamped for a period long 
enough to record the maximum deflection (1.5 to 2.5 min.). After establishing 
the value of the prenarcotic deflection, a dose of 50 mgm. of pentobarbital per 
kgm. bodyvveight was injected, and 6 to 7 minutes later its effect on the asphyxial 
deflection was examined. The injection of pentobarbital and clamping of the 
aorta was repeated 3 to 4 times mth 10 minutes intervals. Table 1 shows that 
the maximum deflection caused by asphyxiation of the cord is depressed more 


TABLE 1 


NO. 

PRENAUCOTIC ASPHVXIATIONS 



150 MGM./KGM. 1 

200 mgm./kgu. 


A 

s i 

c 

D 

E 

F 

1 

11.4 

11.0 

8.4 ' 

7.3 

6.2 

4.2 


i 

1 

75% 

65% 

55% 

38% 

2 

3.7 

3.3 i 

2.3 ’ 

1.3 

1.1 

1.0 


1 


66% 

37% 

32% 

29% 

3 

1 

4.0 

4.3 

2.3 ' 

1.7 

0.9 





56% 

41% 

22% 


4 

0.7 

7.7 

6.2 

5.0 

2.0 

1.7 




86% 

69% 

28% 

24% 

5 

3.6 

i 

3.6 

1 

1 2.6 

2.1 

1.5 

1.0 




1 72% 

58% 

42% 

1 28% 


Progressive decrease of the asphyxial depolarisation potential caused by the administra- 
tion of increasing amounts of pentobarbital. The potentials are given in millivolts. 


and more by each subsequent injection. In the 5 experiments of table 1, the 
average depression of the asphyxial deflection caused by the first narcotic dose 
of pentobarbital was about 30 per cent. 

It has been argued before (van Harreveld, 1946) that the galvanometer de- 
flection caused by asplyxiation of the cord is in general a complex phenomenon, 
and that the maximum of the deflection reached after 1.5 to 2.5 minutes may be 
an indication not of the total depolarisation of the most sensitive parts of the 
neuron (nerve cells), but of the beginning of the depolarisation of more resistant 
parts (fibers). This will tend to decrease the galvanometer deflection, since 
complete depolarisation of cells as well as fibers will theoretically cause equipo- 
tentiality between the gray matter and the anterior root. The maximum of the 
depolarisation potential thus is not too reliable a measure for the polarisation 
state of nerve cells, since this value will be influenced by variations in the start 
of the fiber depolarisation. Evidence for this has been found in e.xperiments 
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in which tlie aorta was clamped at 10 minute inteiA^als Avitliout administration 
of drags. In one such experiment 5 clampings of the aorta gave the follovdng 
maxima: 5.1, 5.3, 4.G, 4.4 and 6.7 mV. The maxima of the 3rd and 4th clamp- 
ings were reached quicker than those of the 1st and 2nd clampings, but the 
maximum of the 5th clamping was reached consideraljlj'’ later than that of the 
first. The variations observed in this series are probablj^ not related to changes 
in the polarisation state of the spinal cord, but to variations in the time at which 
depolarisation of the various neuron parts begins and in the speed with which 
this progresses. These considerations have made it necessary to discard a 
numbei- of experiments in Avhich after the injection of pentobarbital the maxi- 
mum deflection not only became smaller, but also was reached earlier. In 
these cases it might be that an earlier depolarisation of the fibers had at least 
conti'ibuted to the decrease of tlie maximum. In the 5 experiments collected 
in table 1 the maximum was readied at cithei- tlie same or a later time during 
the 6th than during the 1st clamping of the aorta. The decrease of the maximum 
in these experiments thus indicates that pentobarbital causes an actual decrease 
of the polarisation state of the most .sensitive part of the neuron (cells). 

Since it has been concluded that a change in the depolarisation state caused 
b}’' administration of jientoliarbital has to be luiiform in the entire neuron, the 
demonstration of a depolarisation of the cells makes it necessaiy to assume that 
the fibers in the cord also depolarise under the influence of this drug. It has 
been possible to obtain evidence for this in the following wa.y. A silver-chloride- 
plated silver electrode shaped like a small knife was stuck into the dorsal column 
of the cord. Another electrode was placed on the undamaged posterior column 
about 1 cm. distant from the first. An injury potential was led off with these 
electrodes, the damaged place being negative. After placing the electrodes, a 
considerable drift of the galvanometer was recorded, indicating a decaj^ of this 
potential. In some of the experiments, however, the drift decreased suflBciently 
to allow examination of the effect of iientobarbital on the injuiy potential. The 
injury potential is an indication of the polarisation state of the undamaged parts 
of the nerve or fiber tract, and thus any agent which depolarises these parts vnll 
decrease this potential. In a number of experiments it has indeed been found 
that the injection of pentobarbital causes a definite and permanent decrease of 
the injury potential. The most convincing record has been redravm on a con- 
venient time scale in figure 1. A large dose of pentobarbital (90 mgm./kgm. 
bod 3 ’’ weight) was injected three times. The first two injections caused con- 
siderable decrease of the injurj'' potential, while the third injection had onl}’' a 
small effect. This' effect on the injuiy potential supports the conclusion that 
pentobarbital depolarises the neuron unifonnlj'. 

The effect of ether on the -polarisation state of the spinal cord. Ether was ad- 
ministered to preparations in Avhich the polarisation state of the spinal cord had 
previouslj’' been examined bj'' clamping the aorta. The ether usually did not 
cause anj'" galvanometer deflection; in some experiments small deflections were 
recorded in either direction. The lack of a consistent effect of ether administra- 
tion is observed onlj’’ m experiments in Avhich it is possible to prevent a large 
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drop of the blood pressure by the infusion of adrenaline. When the aorta was 
clamped during or immediately after etherization, the ma-ximum of the depolan- 



2 



I I I I \ 

Fig. 1. Effect of pentobarbital on the injury potential of the dorsal column. At A 
90 mgra. of pentobarbital/kgm. body weight is injected. At B and C this is repeated.. 
Time in minutes. The vertical line indicates the deflection of 1 millivolt. 

Fig. 2. Upper record: effect of relatively light ether narcosis on the asphyxial depolaf' 
isation potential. A, prenarcotic depolarisation potential. Ether is administered from 
B to C. At C asphyxiation, immediately following etherization. Between C and D theru 
is a 10 minute interval during which ether is eliminated. Between D and E also a 10 minute 
interval. Minutes are indicated at the bottom of the record; beginning and end of as- 
phyxiation and of administration of ether at the top. The arrows point to 1 millivolt 
calibrations. 

Lower record: Effect of deep etherization on the asphyxial depolarization potential. 
This record is continuous. F, prenarcotic depolarisation potential. Between G and H 
the animal is etherized maximally. Two minutes’ asphyxiation is started at H. Between 
H and J no ether is given. At J another 2 minutes’ asphyxiation. Signals the same as 
upper record. 

Fig. 3. Cortical asphyxial depolarisation potential. Minutes are indicated at the 
bottom, beginning and end of a 2 minutes’ respiratory arrest at the top of the record. 
The arrow indicates a 1 millivolt calibration. 

sation potential was always decreased markedly as compared with the prenar- 
cotic deflection. Figure 2 shows the records of two experiments; in one (A, B, 
C, D and E) narcosis was relatively light, in the other (F, G, H and J) it was 
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ver}'- deep. The administration of ether did not produce a significant galva- 
nometer deflection in either of these experiments. The light ether narcosis 
caused a decrease of the asphjo:ial depolarisation potential recorded immediately 
after 5 minutes’ ether administration. The depolarisation potential recorded 10 
minutes after stopping etherization had grown again to almost the prenarcotic 
size. The changes in the polarisation state observed during a relativelj' light 
ether narcosis are thus easily reversible. In the second record of figure 2, 
clamping of the aorta after 7 minutes’ maximal etherization had practically no 
effect. When the clamping was repeated 10 minutes after the end of etheriza- 
tion, a considerable depolarisation potential was again recorded. After such 
deep narcosis the depression of the depolarisation potential is in general not 
completely reversible for the 30 to 40 minutes following etherization. In a 
number of e.xperiments the observation was made that although the depolarisa- 
tion potentials recorded 10 minutes after the end of a deep etherization showed 
a fair increase, the subsequent clampings of the aorta at 10 minute intervals 
caused smaller and smaller galvanometer deflections. It is of interest to note 
that Wright (1947) observed irreversible effects of concentrated ether vapor on 
the polarisation state of peripheral nerve. Jowett and Quastel (1937), who 
found that ether inhibits brain respiration in vitro, remarked that this inhibition 
was reversible only when the exposure of the brain tissue to ether had been 
slight. The not readily reversible depolarisation of the cord was caused by the 
application for 7 to 8 minutes of ether in the highest concentration compatible 
•with an undisturbed heart action. Although it was impossible to check refle.xes 
or respiration in the curarised animal, it seems likely that the narcosis produced 
in this way is deeper than the deepest surgical narcosis. 

Often the maximal asphyxial deflection is reached later after etherization than 
before (see fig. 2). It is possible that this is related to the depression of the 
metabolism observed by Jowett and Quastel (1937). On the other hand, as 
mentioned above, similar changes have been observed in series of aorta clampings 
without the administration of drugs. 

Since the administration of ether, like that of pentobarbital, does not produce 
a consistent potential difference between the gray and white matter of the cord, 
even though it depresses the asphyxial depolarisation potential, it can be con- 
cluded that this narcotic likewise causes a uniform depolarisation of the entire 
neuron. 

Depolarisation of the cerebral cortex by asphyxia and by anesthetics. In some 
experiments an attempt was made to record the asphyxial changes in the polari- 
sation state of the cerebral cortex. One silver-chloride-plated silver electrode 
was placed in the gray matter of the cortex, while another was placed on the 
cortex or in the subcortical white matter. The cortex was- asphyxiated either 
by stopping the artificial respiration or by clamping the innominate and right 
subclavian arteries in the chest. These procedures caused galvanometer de- 
flections which, although undoubtedly due to the depolarisation of nervous 
elements in the cortex, lacked the simplicity arid constancy of the depolarisation 
potentials of the spinal cord. Not even the direction of the potential was con- 
stant. It is likely that the variations of the cortical depolarisation potentials 
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are mainly due to differences in placement of the electrodes, especially of the 
electrode in the cortical gray matter. In four suitable experiments the latent 
period of the depolarisation potential after stopping the artificial respiration was 
around 50 seconds. The same value was found previously with this method of 
asphyxiation for the depolarisation potential of the spinal cord (van Harreveld, 
1916). The latent period was considerably shorter when the brain was asphyx- 
iated by clamping the large thoracic arteries. 

Figure 3 shows a record of a cortical depolarisation potential. A frequent 
observation was the uneven baseline, which has not been noticed in similar 
records of the spinal cord. These irregularities probably represent the electro- 
encephalogram. This assumption is supported by the observation that shortly 
after the beginning of asphjcsiation the irregularities disappear, but develop 
again a few minutes after 2 minutes’ respiratory arrest (Sugar and Gerard, 1938). 
This figure also illustrates the more complicated shape of the asphyxial potentials 
of the cortex, and their complete reversibility. 

Though the cortical depolarisation potential is probably an even less reliable 
indicator of the state of polarisation then the more constant and simple potentials 
observed in the spinal cord, the effect of pentobarbital was investigated. This 
drug was again injected in doses of 50 mgm./kgm. body weight, and after each 
injection the depolarisation potential was recorded during clamping of the in- 
nominate and right subclavian arteries. One such dose decreased the depolari- 
sation potential, but as much as 4 doses of SOmgm. of pentobarbital perkgm. of 
body weight were sometimes insufficient to supress the effect of asphyxiation 
completel 3 ^ The cortical depolarisation potential therefore seems to be affected 
by pentobarbital in a similar manner as the depolarisation potential of the 
spinal cord. 

The effect of pentobarbital and ether on kneejerk and flexion reflex. It was of 
interest to correlate the depolarisation produced bj'^ pentobarbital with the effect 
of this drug on spinal reflexes. Therefore the kneejerk Avas recorded on one 
side of a number of spinal animals and the flexion reflex (anterior tibial muscle) 
on the other side. The stimuli for these reflexes were given alternately at 
intervals of about 3 seconds. The kneejerk was elicited by an electromagnetic 
device, which at regular intervals tapped the quadriceps tendon (van Harreveld, 
1939) ; the flexion reflex was caused by short faradic stimulations of the homo- 
lateral n. peroneus superficialis. The blood pressure was recorded and was 
prevented from dropping below 10 cm. of mercury by the infusion of adrenaline. 

Pentobarbital was injected in doses of 50 mgm./kgm. body weight into the 
carotid artery. In all animals examined one such dose extinguished the flexion 
reflex completely. Half this amount reduced but did not abolish it. A dose 
of 50 mgm./kgm. body weight in most cases decreased the kneejerk deflections 
only slightly ffig. 4). To abolish this reflex, considerably more pentobarbital 
had to be administered. This can be done only when artificial respiration is 
applied. One hundred to 125 mgm. pentobarbital per kgm. body weight is 
usually needed to stop the kneejerk completely. This difference in sensitivity 
of kneejerk and flexion reflex has been found consistently in all animals examined. 

Similar experiments were performed with ether. Like pentobarbital, ether 
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abolishes the flexion reflex earlier than the kneejerk. When after extinguishing 
the kneejerk the administration of ether was stopped, this reflex recovered first, 
followed after a considerable interval by the flexion reflex. 

Discussion. It has been concluded pi-eviou.sly (van Harreveld, 1946) that 
asphyxiation first depolarises the most sensitive neuron parts, the cells, followed 
by depolarisation of the more resistent parts, the fibers. In the present paper 
the conclusion has been dravm that the narcotics, ether and pentobarbital, also 
cause depolarisation, but that these drugs affect cells and fibers uniformly. 
There is some e^^dence which indicates that depolarisation in these two 
instances is produced in different ways. Spiegel and Spiegel-Adolf (1936- 
1938) showed bj’’ impedance measurements of the brain with altei'nating cur- 
rents of different frequencies, that asph 3 ’-xia causes an increase of membrane 
permeabilitj’' to ions, whereas the administration of narcotics causes a decrease 
of this value. It is obvious that a sufficient increase of the membrane perme- 
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Fig. 4. Effect of the administration of 50 nigm. of pentobarbital per kgm. body weight 
on the kneejerk (upper record) and on the flexion reflex (lower record). Time in seconds 
indicated at the bottom of the record. The bar at the top of the record indicates the 
duration of the injection. 

ability may veiy easilj'' result in a loss of the selective permeability for ions which, 
accrding to the membrane theory, is necessary for the maintenance of an electric 
double laj’'er. A moderate decrease in permeabilitj' may, but need not, result in 
a loss of the selective ionic permeability ; it is even conceivable that by becoming 
less permeable for certain ions than for others the membrane is improA'ed with 
respect to its ability to produce an elective double laj'er. The depolarisation 
of peripheral nerve under the influence of narcotics and local anesthetics observed 
by Hober, Andersh, Hober and Nebel (1939) and Wright (1947) and the “positive 
resting potential” resulting from the administration of amjd alcohol and cocaine, 
found by Bishop (1932) are therefore not necessarilj' contradictory. The concept 
that these phenomena are related is supported by Bennet and Chinburg’s finding 
(1946), that both may be observed under the influence of local anesthetics. 

It has been observed bj' several authors (Heinbecker, 1929; Lehman, 1937; 
Wright, 1946) that asphj'xiation of peripheral nerve often causes an initial drop 
of the stimulus threshold, whereas Wright (1947) found that alcohol and ether 
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consistently cause a marked rise of this value. The changes in the stimulus 
threshold may be' related to, or even caused by, the increased membrane perme- 
ability during asphyxiation, and the decreased permeability during narcosis. 

It does not seem likely that the depolarisation produced by narcotics is caused 
bj'’ the depression of the metabolism of central nervous tissue by these dmgs 
(Quastel and "Wheatley, 1932, 1934; Jorvett and Quastel, 1937; Jowett, 1938), 
because the depression of the metabolism caused by asplijccia increases the • 
membrane permeability, whereas the narcotics influence the membrane in the 
opposite direction. It seems more likely that the narcotics act directly on the 
conducting membrane. 

The electrical theory of conduction and transmission (Eccles, 1946) maintains 
that conduction in the nerve as well as transmission across the synapse is due 
to the production of a potential difference (action potential) at one place, which 
stimulates adjacent structures. It seems that ether and probably nembutal 
influence both these processes in an unfavorable manner for conduction and trans- 
mission. Wright (1947) showed in cmstacean single fiber preparations that the 
action potential of depolarising fibers is reduced before blocking occurs. It there- 
fore can be assumed that narcotics reduce the action potentials of nerve fibers and 
boutons terminaux, which are the stimuli necessary for propagation and transmis- 
sion. On the other hand, the threshold of stimulation of the conducting mem- 
brane is increased by ether (TiTight, 1947) . These two factors acting together will 
at a certain point stop the conduction in the nerve or the transmission across the 
synapse. It is likely that this point is reached earlier at the sjmapse than in the 
nerve fiber, since transmission at the synapse is normally less certain than con- 
duction in the fiber. Wright (1947) observed that blocking occurred in periph- 
eral nerve when depolarisation was about 50 per cent complete. In view of the 
above considerations, pentobarbital in narcotic doses, which reduces the asphyx- 
ial depolarisation potential about 30 per cent, could very well block a consider- 
able part of the synapses and thus depress central nervous actiAuty. 

It is unlikely that the nervous elements in other parts of the central nervous 
system than the spinal cord are depolarised by markedly loAver concentration of 
narcotics, since it was found that the effect of pentobarbital on the cortical and 
on the spinal depolarisation potential is not greatly different. Therefore the 
difference in sensitivity of reflexes to narcotics is probably not due to differences 
in the degree of depolarisation of the reflex arc caused by a given concentration 
of the narcotic, but by differences in the concentration at AA^hich the reduced 
action potential of the boutons terminaux becomes unable to stimulate the less 
excitable dendrites or nerA^e cells. Another consideration AA'-hich is probably of 
importance for the difference in sensithdty of A^arious reflexes to narcotics is the 
length and complexity of the reflex arc. The chances that the impulse is arrested 
at one of the synapses of a multisynaptic reflex arc are greater than in the single 
synapse of a monosjuiaptic arc (van HarreA^eld, 1944). This may be an impor- 
tant factor in the great difference in sensithdty betAA^een the multisynaptic flexion 
reflex and the monosynaptic kneejerk. 

To depress the kneejerk completely it aa^rs necessary to administer 100 to 125 
mgm. of pentobarbital per kgm. body Aveight. From the 5 experiments of 
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table 1 it can be computed that this causes an average reduction of the asphyxial 
depolarisation potential of 45 to 55 per cent. This would indicate a degree of 
depolarisation of the iier\’Ous elements sufficient to c.xplain the suppression of 
all central nervous conduction. 


SUiMMAHY 

1. The administration of the naj-cotics, pentobarbital, and ether does not 
produce a consistent potential diffei'ence lietween the gray and white matter of 
the spinal cord. 

2. During asph 3 \xiation of the cord, the graj'' matter becomes negative with 
respect to an anterior root. This potential is believed to be due to the depolari- 
sation of nervous elements. During the first minutes of cord asphj’-xiation it 
would indicate the depolarisation of the most sensitive neuron parts, the nerve 
cells. The administration of pentobarbital and ether depresses this asphyxial 
depolarisation potential. 

3. From the depression of the asphj^xial depolarisation potential and the 
absence of an electrical effect of the administration of ether and pentobarbital, 
the conclusion was dra^\^^ that these narcotics cause a uniform depolarisation of 
the neuron. 

4. Asplij^xial depolarisation potentials were led off from the cerebral cortex, 
and were similarlj^ influenced bj' pentobarbital as the spinal asphyxial potentials. 

5. From the effect on the asph 3 ’’xial depolarisation potential it can be concluded 
that pentobarbital in narcotic doses causes a sizable depolarisation of central 
nervous elements. 

6. An attempt is made to combine these and other known effects of narcotics 
on nervous structures in a theory of narcosis. 
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In recent years a number of papers have appeared concerning the effects 
of vitamin imbalance in experimental animals and man. Scandinavian workers 
(1-3) found that human subjects suffering from multiple dietary deficiencies 
developed sjTnptoms of niacin deficiency when dosed with thiamine alone. 
Sydenstricker (4) demonstrated that when niacin alone was given to pellagi-ins 
certain signs of their disease, presumably due to a deficiency of other factors, 
were intensified. Morgan (5) obseiwed that administration of niacin or panto- 
thenic acid alone to dogs receiving “ample amounts of all necessary vitamins 
except those of the filtrate factors” resulted in a gradual loss of neuromuscular 
control and sometimes sudden death. All these experiments have one point 
in common: namely, that the administration of a vitamin resulted in the inten- 
sification of symptoms or the precipitation of pathologies that did not occur, in 
animals not so treated. Other investigators, however, were unable to demon- 
strate adverse reactions following unbalanced dosing even with massive doses 
of the B-vitamins (6, 7). In view of Richards’ suggestion that adverse effects 
of vitamin imbalance might only be demonstrated under conditions of stress 
as distinct from growth or maintenance (8), the present study was undertaken 
to determine the effects of unbalanced dosing both in animals fed (1) ad libitum 
and (2) under the stress of reduced caloric intake. 

Phoceduee anp eesults. Ninety-six female rats of the University of South- 
ern California strain were raised to maturity on a stock ration and selected for 
the experiment at approximately 90 days of age and an average body weight of 
170 grams (range 149 to 196 grams). Two basal rations were employed: diets 
A and B. Diet A was a purified ration containing the B-complex factors in 
synthetic foim; diet B was similar in composition but contained yeast in place 
of the synthetic B-factors. The synthetic vitamins were incorporated in diet 
A in amounts corresponding to their content in yeast so that the thiamine, 
riboflavin, pyridoxine, niacin and pantothenic acid content of the two diets was 
virtually identical. Both diets A and B were supplemented with massive doses 
of thiamine hydrochloride, riboflavin and nicotinic acid, the three vitamins 
employed in the flour enrichment progi-am; and the effects of feeding each of 
these diets Avith and without supplements Avere determined (table 1). Diets 
were prepared weekly and kept under refrigeration. Animals Avere fed the aboA^e 

^ The research which this paper reports was undertaken in co-operation with the Com- 
mittee on Food Research of the Quartermaster Food and Container Institute for the Armed 
Forces. The views or conclusions contained in this report are those of the authors. They 
are not to be construed as necessarily reflecting the views or indorsement of the War De- 
partment. 
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rations (1) ad libitum and (2) in amounts of 6 grams per day representing a caloric 
restriction of approximately 50 per cent. Diets were administered daily except 
Sunday with portions doubled for the Saturday feeding. Animals were weighed 
weekly, and feeding was continued for 20 weeks (12 animals per group). 


Tabic 1 

Composition of experimental diets* 


COMPONENT 

DIETS /1 1 AND /Is 

DIETS Bl AND Bs 


% 

% 

Yeast** 

0.0 

12.0 

Vitamin test caseinj 

30.0 

30.0 

Salt mixturett 

4.5 

4.5 

Sucrose 

55.5 

43.5 

Cottonseed oil 

10.0 

10.0 


Vitamin supplements added to diets 



msm. % 

msm.% 

Thiamine hydrochloride 

7.2 

0.0 

Riboflavin 

0.9 

0.0 

Pyridoxine hydrochloride 

1.5 

0.0 

Calcium pantothenate 

6.72 

0.0 

Nicotinic acid 

6.0 

0.0 

2-methyl-naptliaquinonc 

0.5 

0.5 

Choline chloride 

120.0 

120.0 


Additional supplements of thiamine hydrochloride, riboflavin and nicotinic acid were 
added to diets A« and in the following amounts per kgm. of diet: thiamine hydrochloride 
3.6 grams, riboflavin 0.45 gram and nicotinic acid 3.0 grams. 

* All rats were fed once weekly 3 mgm, of alpha-tocopherol and a vitamin A-D concen- 
trate (Nopco Fish Oil Concentrate assaying 800,000 U.S.P. v of vitamin A and 80,000 U.S.P. 
u of vitamin D per’gram) containing 100 U.S.P. u of vitamin A and 10 U.S.P. u of vitamin 
D. 

** Brewers’ type yeast ^200, Anheuser-Busch, Inc., St. Louis, Mo. Each gram, accord- 
ing to the manufacturer, contained the following vitamin potencies: thiamine, 600 /ig; 
riboflavin 75 fig, p.vridoxine 100-125 fig, pantothenic acid 420-560 fig and nicotinic acid 
350-500 fig. 

1 Vitamin Test Casein, General Biochemicals, Inc., Chagrin Falls, Ohio. 

Salt Mixture no. 1, (9). 

Results are summarized in table 2. Data were computed on the basis of the 
top 10 animals in each group with the smallest two in each series eliminated in 
order to minimize variations in group averages due to infection or atypical 
I'esponses on the part of individual rats. At least 10 animals in each group 
survived the experimental period of 20 weeks, lldien feeding Avas restricted to 
6 grams per daj^, no significant difference in bod}^ weight or gross appeai’ance 
was observed either on the sjmthetic or yeast-containing rations between animals 
fed control diets and those on rations containing massive doses of thiamine 
h 3 '-drochloride, riboflaAon and nicotinic acid. For the first 6 AA^eeks of feeding 
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animals lost weight rapidly on all diets; during the next 6 weeks they continued 
to lose weight but at a smaller rate. During the last 8 weeks, however, animals 
regained in virtually all cases part of the weight they had initially lost. After 
20 weeks of feeding no significant difference in body weight was observed on any 
of the four diets employed. On ad libitum feeding body weight was greater on 
control diets than on similar rations containing the thiamine, riboflavin and 
nicotinic acid supplements. Statistically these differences were not marked 
but a similar trend was observed on both sjmthetic and jmast-containing rations. 
Similarly gain in body weight was greater on diets Bi and B 2 than on comparable 
synthetic rations. 


TABLE 2 


Effects of massive doses of thiamine hydrochloride, riboflavin and nicotinic acid on the 
body weight of rats fed ad libitum and under conditions of reduced caloric intake 


DIETARY GROUP 

NO. OF ANIilALS 

1 

INITIAL BODY WT. 

grams 

AVERAGE CHANGE IN BODY WT. IN CRAMS AFTER 

6 weeks 

12 weeks 

20 weeks 

6 gram -per day series 


10 


-38.9 

-48.0 

-39.3±4.1* 

As 

10 


-33.0 

-44.6 

-40.7±3.0 

Bt 

10 

170.5 1 

-39.2 

-50.2 

-43.2±3.4 


10 

168.0 

-45.5 

-59.0 

— 51.0rh3.7 


Ad libitum series 


Ai 

10 


+26.9 

+28.1 1 

+42.1±7.2 


10 


+ 16.2 

+21.9 1 

+23.4+4.1 

B, 

10 

170.5 

+37.0 

+49.0 

+60.6+5.4 

B 2 

10 

171.1 

+19.8 

+28.9 

+41.9+5.2 


c 

* standard error of the mean, — 

Vn 


Effects of massive doses of thiamine hydrochloride, riboflavin and nicotinic add 
on the B. M. R. of rats fed ad libitum and under conditions of reduced caloric intake. 
Inasmuch as thiamine, riboflavin and nicotinic acid are constituents of enzyme 
systems concerned in cellular oxidation and reduction, the question arose as to 
what effect massive doses of these vitamins might have on the basal metabolic 
rate of animals fed ad libitum or under conditions of reduced caloric intake. 
Accordingly, the basal metabolism was determined after 12 weeks of feeding 
in rats described in the previous section. The apparatus used was a closed 
circuit type with a capacity of 2 litem (10). Carbon dioxide was absorbed with 
sodium hydroxide, and oxygen consumption was determined from pressure 
changes recorded by means of a water manometer. The respiration chambers 
were kept at 28°C; readings obtained were corrected to standard temperature 
and pressure. Food was removed from the animals’ cages the evening prior 
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to the metabolism test. At least six successive 5-minute intervals were recorded 
for each animal, -with care being taken to record oxygen consumption when 
animal activity was at a minimum. - 

Findings are summarized in table 3. ■\^lien feeding was restricted to 6 gi-ams 
per day, no significant difference in basal metabolic rate was observed either on 
the S3mthetic or j’-east-containing rations between animals fed control diets 
and those on rations containing massive doses of thiamine hydrochloride, ribo- 
flavin and nicotinic acid. In all gi’oups fed a reduced caloric intake oxygen 
consumption per 100 grams bod}’’ 'weight was significant!}'’ less than for animals 
fed similar rations ad Uhilum. On ad libitmn feeding, however, basal metabolic 
rates were greater on the control diets than for rations containing the thiamine, 
riboflavin and nicotinic acid supplements. Statistically these differences were 
not marked but thej’’ occurred on both the S3mthetic and 3’’east-containing rations. 


TABLE 3 

Effects of vtassive doses of thiamine hydrochloride, riboflavin and nicotinic acid on the 
B.M.R. of rats fed ad libitum and under conditions of reduced caloric intake 


DIETARY GROUP 

NO. OF ANiMAtS 

Oj CONSUXfPTION 
cc/hr/IOO grams 
BODY WT. 

DIETARY GROUP 

NO, OF ANIMALS 

Oi CONSUJIPXION 
cc/hr/lOO grams 
BODY WT. 

6 grants per day scries 

Ad libitum series 


8 

91.5±9* 

Ai 

4 

131.4±16* 

Az 

8 

85.2±4 

/Is 

4 

116. 0±6 


8 

89.8±11 

Ri 

4 

138.0±19 

R: 

8 

94.4±11 

Rs 

4 

112.2±10 


* Average deviation. 


Effects of massive doses of thiamme hydrochloride, riboflavin and nicotinic add. 
on the blood counts of rats fed ad lib. and xmder conditions of reduced caloric intake. 
The suggestion has been made that unbalanced vitamin therap}’’ if sufficiently 
prolonged may increase requhements for other nutrients to the extent that 
deficiencies occur. Since leucopenia, granuloc 3 '’topenia and other abnormalities 
in the formed elements of the blood may occur in deficienc}'^ states, the question 
arose as to what effect massive doses of thiamine, riboflavin and nicotinic acid 
might have on the blood count of rats fed ad libitum or under conditions of 
reduced caloric intake. Accordingly animals fed the diets premously described 
were selected after 12 weeks of feeding, and total and differential white cell 
counts, hemoglobin determinations and total red cell counts were made on the 
tail blood of all rats. Differential counts were made on smears stained with 
Wright’s stain, 100 cells on each of two slides being employed for each anal 3 '’sis. 
All blood counts were made in duplicate. 

" We are indebted to Dr. R. J. Winzler of the Department of Biochemistry and Nutrition 
of the University of Southern California for his assistance with the B.M.R. determinations. 
Readings were made by G.D.M. 
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No significant difference in total erythrocytes or hemoglobin levels was ob- 
sei-ved either on sjmthetic or yeast-containing rations between animals fed control 
diets and those on rations containing massive doses of thiamine hydrochloride, 
riboflavin and nicotinic acid. Erythrocytes averaged 7.4 to 8.1 million per cc.. 
of blood for the various groups (range 6.7-9.6 million per cc.), vdth hemoglobin 
averaging 15.3 to 15.9 mgm./lOO cc. (range 14.0-17.8 mgm./lOO cc.)-. Data 
on leucocyte counts are summarized in table 4. In agreement vdth earlier 
findings (11) a significant reduction in total leucocjdes was observ^ed in animals 
fed reduced caloric intakes. This occurred on both s 5 Tithetic and yeast-con- 
taining rations. The two diets differed, however, in respect to percentage and 
total granulocytes per cubic centimeter of blood. When feeding was restricted 

TABLE 4 


Effects of 7nassjve doses of thiamine hijdrochloride, riboflavin and nicotinic acid on the 
leucocyte count of rats fed ad libitum and tinder conditions of reduced caloric intake 


dietary 

NO. OP 

TOTAL LEUCOCVTE COONT | 

GRANULOCYTES 

GROOT 

ANQIAES 

Average* 

Range 

Per cent* 

Total* 


6 gram per day series 


At 

10 

8,400±450 

6,200-10,700 

13.8±0.4 

1159± 30 

A-z 

10 

8,290±420 

7,000-10,800 

14.5±1.0 

1202± 85 

Bi 

10 

7.440±370 

6,300-10,800 

25.9±1.0 ' 

1927± 74 


10 

7,490±620 

5,000-11,000 

30.4±0.7 

2277± 52 


Ad lib series 


Ai 

10 ‘ 

13,500±580 * 

11,400-17,200 

15.2±1.4 

2052±189 

As 

10 

13,100±660 

9,000-18,800 

22.3±2.4 

2921 ±314 

Bi 

10 , 

13,470±440 1 

11,200-15,600 

15.1±0.8 

2034±108 

B2 

10 

14,570db810 j 

10,800-17,400 

22.7±0.6 

3307± 87 


* Including standard error of the mean, 

Vn 


to 6 grams per day, the percentage of granulocytes on diet was increased 
so that total granulocytes per cc. of blood were equal to values observed on this 
same ration when fed ad libitum. No such increase in percentage of granulocjdes 
occurred, however, on diet Ai when fed under similar conditions of caloric re- 
striction with the result that total granulocytes per cc. of blood were reduced in 
this series by approximately 50 per cent. No significant difference was observed 
at this level of feeding either on synthetic or yeast-containing rations between 
the granulocyte and total leucocyte count of rats fed control diets and animals 
fed similar i-ations containing massive doses of thiamine hydrochloride, riboflavin 
and nicotinic acid. On ad libitum feeding, however, percentage and total granu- 
locytes were greater on diets containing the thiamine, riboflavin and nicotinic 
acid supplements than they were on control rations. Statistically these dif- 
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ferences were not marked but they occurred on both the synthetic and yeast- 
containing rations, and at least for the latter appear to be significant. Total 
leucoc3des per cubic centimeter of blood were similar for all diets employed. 

Discussion. Available data indicate the nutritional requirements of an 
animal may be affected by such factors as phj'sical exertion, fever, drugs, toxins, 
abnormal environmental conditions, iiregnancy, lactation, hjqierthjToidism 
and related “stress factors” (12); and that caloric restriction may also serve as 
such a factor (11). In view of Richards’ suggestion that adverse effects of 
vitamin imbalance ma}’- only dei-elop under conditions of stress as distinct from 
gi’owth or maintenance (S), it was felt that animals fed reduced caloric intakes 
miglit demonstrate adverse effects of unbalanced dosing more readil}" than 
animals fed similar rations ad libitum. Reduced caloric intake was employed 
as the stress factor in the present experiment since low calorie diets are widely 
consumed todaj’’ bj’’ persons unable to obtam sufficient food to meet body re- 
quhements as well as by persons on therapeutic regimes; and it was believed 
desirable to determine the effects of vitamin imbalance under these conditions. 

I^dien feeding was restricted to 6 giams per da^', no adverse effects were ob- 
seiwed on either of the basal rations emplo3’^ed attributable to the administration 
of massive doses of thiamine h3’drochloride, riboflaidn and nicotinic acid. Gross 
appearance, loss in bod3’- weight, basal metabolic rate, R. B. C., Hb., total W. 
B. C. and differential counts did not differ significantly between animals fed 
control diets and those fed similar rations containing the vitamin supplements. 
Under conditions of ad libitum feeding no significant difference in gi-oss ap- 
pearance, R. B. C., Hb., and total W. B. C. count was observed between animals 
fed the control and vitamin-supplemented diets. The latter group, however, 
gained less weight, had a lower basal metabolism and a higher granuloc3de 
count per cubic centimeter of blood than animals fed the control rations. These 
differences althougli consistent for both the 8301^10^0 and yeast-containing diets 
were not sufficient^ marked in most cases to be statistical^’’ significant. Find- 
ings indicate, at least for animals fed reduced caloric intakes, that under condi- 
tions of the present experiment vitamin imbalance, as caused b3'’ massive doses 
of thiamine, riboflavin and nicotinic acid, did not result in adverse effects in the 
female rat. 

SUJIMARY 

Female rats Avere maintained for 20 weelts on purified rations and similar 
diets containing massive supplements of thiamine h3’^drochloride, riboflavin 
and nicotinic acid. Two basal rations were emplo3^ed: one containing the B 
vitamins in S3mthetic form and the other providing them as present in 3"east. 
Animals were fed ad libitum and at a caloric restriction of 50 per cent. 

Under conditions of ad hbitum feeding no significant difference in gross ap- 
pearance, R. B. C., Hb., and total W. B. C. count was observed between animals 
fed control diets and those fed similar rations containing the thiamine, riboflavin 
and nicotinic acid supplements. The latter group, however, gained less weight, 
had a lower basal metabolism and a higher gi’anulocyte count per cubic centi- 
meter of blood than animals fed control rations. 
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At a caloric restriction of 50 per cent no significant difference in gross ap- 
pearance, bodj’’ weight, basal metabolic rate, R. B. C., Hb., total W. B. C. and 
differential counts were observed between animals fed control diets and those 
fed similar rations containing the vitamin supplements. 
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V'eddell, Feinstein and Pattle (1) (1943), using concentric needle electrodes 
(Adrian and Bronk), investigated the electrical activit}'' present in mammalian 
skeletal muscle (including the human being) after deneivation by complete 
crushing of the nerve suppl}’’ and during the course of nerve regeneration until 
functional recovery had taken place. From this and later studies (2, 3), the 
following facts relative to reinnervation of muscle were evident: 1. There was 
a steady decrease in the number of fibrillation action potentials prior to the 
return of motor unit activity, but a few fibrillation action potentials could be 
recorded in certain positions in the muscle when no detectable weakness could be 
recorded clinicalty. 2. There was a cessation of continuous fibrillation im- 
mediately before the appearance of nascent (polyphasic) motor unit action 
potentials. 3. Once started, the spread of motor unit activity throughout the 
muscle occurred quite rapidty, requiring only 5 to 6 days in the rabbit, and 12 
days in the human being. 4. "When no electrical activity whatever could be 
recorded from a muscle more than a few weeks after nerve injury (complete 
electrical silence), severe morphological changes were assumed to have taken 
place, e.g., fibrosis. 5. Complete functional recoverj'^ did take place in muscles 
proven to be fibriUating by electromyogi’aphy for various time intervals after 
denervation. 

Jasper (4), employing the monopolar needle electrode, investigated the time 
course of electrical activity in patients with spontaneous^ recovering peripheral 
nerve lesions and also in patients following nerve suture. In this study, he like- 
vdse found the first sign of reinnervation to appear in the electromyogi’aph as a 
decrease or cessation of denervation fibrillation, but in addition, found complete 
electrical silence in some muscles several weeks before the appearance of motor 
unit activity. This latter fact he believed showed that the regenerating neive 
may airest fibrillation in the muscles before it has matured sufficiently to con 
duct any impulses. To this end, he computed the rates of reinnervation ot 
various nerves using both electromjmgraphic silence and return of motor uni 
activity in muscles as signs of reinnervation. , 

MTtile both Weddell and Jasper observed a decrease in the amount o e 
nervation-fibrillation prior to begirming motor unit recovery, Weddells o sei 

1 The work described in this paper was carried on under a contract which Imd, 
the Office of Scientific Research and Development and, subsequently, the 0 ce o 
Surgeon General, U. S. Army, as financial sponsors. 

Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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vation concerning the cessation of continupns fibrillation before motor unit 
recovery appears more critical. This is trae because Weddell has emphasized 
the impossibility of measuring quantitatively the decrease in denervation- 
fibrillation without an excessive number of needlings. Jasper’s observation, 
relating complete electrical silence with successful neurotization of muscle rather 
than with severe morphological changes in it, could be of great importance in 
clinical diagnosis and prognosis of peripheral nerve injuries. Jasper, however, 
has neither discussed tKe spread of motor unit activity in muscles following nerve 
suture nor has he reported complete functional recovery in muscles proven to be 
fibrillating by electromjmgraphy during the period of denervation following 
nerve suture. 

Because of the several discrepancies and deficiencies mentioned above, an 
experiment was devised which would permit a statistical study of the electrical 
activity in the cat’s tibialis anticus muscle following section and immediate 
suture of the sciatic nerve until functional recovery was complete. 

Material and methods. The material consisted of 6 cats all of which had, 
under nembutal anesthesia, a section and an immediate suture of the left sciatic 
nerve approximately 4 inches (102 mm.) from the motor point of the tibialis 
anticus muscle. At each examination, 4 areas (proximal to distal) of each 
muscle received a single insertion of a needle electrode, thus making a total of 
24 areas sampled. Using Tippett’s random number tables, a program was pre- 
pared which ensured the obtaining of data in random sequence. The temper- 
ature of the examining room was maintained at about 75°P., and no pharma- 
cological agents were administered to the animals during the course of this 
investigation. 

The first examinations rvere made on the 8th postoperative day and thereafter 
at frequent intervals until the 90th postoperative da}'^ at which time there was 
no clinical evidence that complete functional recovery had not occurred. The 
animals were sacrificed on the 90th postoperative day and subsequent histologi- 
cal studies on the distal segments revealed good axis C3dinder and mjmlin sheath 
formation in all but animal 4. 

The electromyograph used for this investigation was essentially the same as 
the one described bj’- Jasper and Johnston (5). It consisted of a preamplifier, 
power amplifier, cathode ra,y oscilloscope, and loud speaker. Electromyograms 
were obtained by photographing the tracings on the oscilloscope. Using the 
monopolar insulated steel needle electrode with reference to an adjacent skin 
surface lead, we found the action potentials or voltages in cat’s normal, dener- 
vated, and reinnervated skeletal muscle to have the following characteristics. 

jV 07'mal motor unit action potentials or voltages. Normal voluntary muscle in a 
completely relaxed state generates no voltages of sufficient magnitude to be 
recorded by the electromyograph. Normal voluntary muscle in a state of con- 
traction generates voltages which are usually diphasic in character and range in 
magnitude from about 500 to 2000 microvolts. The duration of a single diphasic 
nave is in the order of 5 to 10 msec., and the repetition frequencj'' varies froih 
about 5 to 30 per second. These voltages called “normal motor unit voltages” 
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are readiljr obtained from all areas of a normal muscle, and because of the lone 

uration of a smgle wave, they produce a characteristic thumping noise in the 
loud speaker (fig. 1-B). 

Fibrillation action potentials or voltages. The voltages elicited from dener- 
vated voluntary muscle are commonly referred to as “fibrillation voltages” and 
may be either monophasic or diphasic in character. They range in magnitude 
from about 10 to 100 microvolts, and their repetition frequency varies from 
about 2 to 30 per second. A single wave has a duration of appro.ximately 1 to 2 



Fig. 1. Oscillograms of typical waveforms 

msec., and because of its extreme^'- short duration, such a wave produces a very 
characteristic clicking noise in the loud speaker (fig. I-C). 

Nascent (polyphasic) motor unit action potentials or voltages. During the period 
of reinnervation, polyphasic waves are elicited the peaks of which are usually 
very spiked in character. These polyphasic waves called “nascent motor unit 
potentials” by Weddell, range in magnitude from about 20 to 600 microvolts. 
Their repetition frequency '^^aries from about 2 to 30 per second, and the dur- 
ation of a single wave group is usually in the order of 5 to 15 milliseconds. Be- 
cause of the complexity of these waves, nascent motor unit voltages give rise 
to a"very rough sounding noise in the loud speaker (fig. 1-D) . 
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Experimental results. Onset and course of fibrillation voltages. In order 
to illustrate in graphic form the onset and course of fibrillation, a bar chart 
(fig. 2) has been constructed. In this chart the height of the black bars in- 
dicates the number of areas having continuous fibrillation voltages expressed as 
a percentage of the total number of areas sampled on any designated postoper- 
ative day. Similarly, the height of the bars with the vertical lines indicates 
the percentage of areas having discontinuous fibrillation voltages. Fibrillation 
voltages were designated as continuous if they persisted for 30 seconds or longer 
after the insertion of the needle electrode, and discontinuous if they lasted for 
less than 30 seconds. 



Post- operative days 


Fig. 2. Bar chart showing number of areas having fibrillation and motor unit voltages 
expressed as a percentage of the total number of areas examined on designated postopera- 
tive days. 


Reference to figure 2 shows that on the 8th postoperative day, 65 per cent of 
the 24 areas had continuous fibrillation and 20 per cent had discontinuous fibril- 
lation, thus making a total of 85 per cent of the areas sampled showing some 
fibrillation voltages. The remaining 15 per cent of the areas, however, exhibited 
complete electrical silence on the 8th postoperative day. On the 13th da 3 '- 
fibrillation voltages were obtained from 100 per cent of the areas; this condition 
'was also present on the 19th, 26th, and 33rd postoperative days. the 40th 
day only 75 per cent of the areas shoived fibrillation voltages; however, an ex- 
ammation 10 days later revealed 91.6 per cent of the areas to be fibrillating 
Subsequent examinations on the 60th, 70th, 80th, and 90th postoperative days 
showed a gi-adual decline in the percentage of the areas having fibrillation iml- 
tages. Even on the 90th postoperative day, however, 20 per cent of the areas 
contamed denervated muscle fibers as evidenced by fibrUlation voltage^ 

In this experiment we, like Weddell et al. (2) and Jasper (4), observed a definite 
decrease in the nujnber and frequency of fibrillation voltages prior to beginning 
motor unit recovery, but were unable to measure this decrease with any degi-ee 
0 accuracy, and consequently, we are unable to present it in gi-aphic form. 
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As seen in figure 2, the number of areas having continuous fibrillation reached 
a maximum on the 19th day (91.6 per cent) after which there was a gradual de- 
ciease in the number, so that by the 90th daj’’ only 10 per cent of the areas showed 
fibrillation of the continuous type. Although there was a significant decrease in 
the total number of areas having continuous fibrillation between the 19th and 
50th postoperative days, no one muscle showed a cessation of continuous fibrill- 
ation in all four areas pi-ior to beginning motor unit recovery. 

Electrical silence. Muscles having neither fibrillation nor motor unit voltages 
are said to be electrical^ silent. Wliile on the 8th postoperative day electrical 
silence was observed in 15 per cent of the areas, it was not noted again until the 
40th' da}’- at which time 16.6 per cent of the areas showed complete electrical 
silence. On the 50th day, however, fibrillation voltages were again elicited from 
one of the previously silent areas, fibrillation and motor unit voltages from two 
of them, and motor unit voltages onl}'- from the remaming one. In three, then, 
motor unit voltages were seen to follow the previous electrical silence, but in 
three fibrillation voltages reappeared. In this regard attention must be dravm 
to the fact that at no time was electi’ical silence found in all four areas of any 
one muscle. 

Onset and course of nascent motor unit voltages. The return of motor unit 
voltages is illustrated in figure 2 by the cross-hatched and checkered columns. 
The height of these cohunns indicates the number of areas having motor unit 
voltages expressed as a percentage of the total number of areas sampled. The 
type of motor unit voltages obtained is indicated by the direction of the diagonal 
lines and the conibination of nascent and normal forms is indicated by the check- 
ered columns. A consideration of this chart shows tliat no motor unit voltages 
were recorded until the 40th postoperative day. However, on the 40th and 50th 
postoperative days, “nascent” motor unit voltages were elicited from 8.3 per 
cent and 41.6 per cent of the areas, respectively. On the 60th postoperative 
day, 79.3 per cent of the areas had nascent forms, while 12.4 per cent contained 
both nascent and normal forms. Subsequent examinations on the 70th, 80th, 
and 90th postopei'ative da 3 ''S revealed motor unit activit}^ in 100 per cent of the 
areas on each occasion, and in addition, revealed a decrease in the number of 
areas having nascent forms only, and an increase in the number of areas having 
both nascent and normal forms. By the 80th postoperative day, 5 per cent of 
the areas had notmal forms only, and on the 90th postoperative day, normal 
forms only were elicited from 10 per cent of the areas. 

Although 30 days elapsed from the appearance of the fii’st motor unit voltages 
until the}’’ could be elicited in 100 per cent of the areas, the range of time le- 
quhed for the spread of motor unit activity throughout individual muscles 
(motor unit spread inteiwal) rvas only 10 to 20 days, the mean being only 11.66 
days. This apparent discrepancy is explained on the basis that only one muse e 
had begirming motor unit recovery as early as the 40th postoperathe ay, 
whereas the other five did not have beginning motor unit recovery until the oOth 
postoperative day. Furthermore, the motor unit spread inteival equae 
d'ays in one muscle which did not show beginning motor unit recovei} unti le 
50th postoperative day. 
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The appearance of “nascent” motor unit voltages preceded unequivocal 
functional recovery by different intervals of time varying from 9 to 16 daj'-s. 
In assessing the return of voluntary motion, a minimal movement of the tibialis 
anticus tendon was taken as the end-point. In general, when motor unit vol- 
tages were recorded on the 50th postoperative day, functional recovery was 
definite at about the 62nd postoperative day. When functional recoverywas 
definite, five of the muscles had motor unit activity in all four areas, and the 
remaining muscle had this activit 3 ’’ in two areas. Once started, functional re- 
coveiy progressed veiy rapidlj’^; consequentlj’-, no weakness could be detected bs^ 
clinical methods in any of the muscles on the 90th postoperative day. 

Rate of reinnervation as assessed by electromyography and return of voluntary 
motion. Although Guttman et al. (6) and Seddon et al. (7) have pointed out the 
many factors to be considered in establishing the rate of reinnervation of muscle, 
we have elected to use Jasper’s (.4) simplified method for the purpose of making 
comparisons with his data. This consists of dividing the length of the distal 
segment in millimeters by the time elapsed since surgery in days for beginning 
motor unit recovery, subtracting 10 daj^s for delay at the scar. Using the above 
formula and beginning motor unit recovery as the first sign of reinnervation, 
we have found the rate of reinnervation to range from 2.52 mm. per daj’- to 2.96 
mm. per day, the mean being 2.61 mm. per da 5 ^ Similarly, when a detectable 
movement of the muscle was used as the first sign of reinnervation and applied to 
the above formula, the rate of reinnervation was found to range from 1.8 mm. per 
day to 2.26 mm. per dajq the mean being 2.02 mm. per da\\ 

Discussion. In this investigation fibrillation voltages were recorded tlirougli- 
out the lengths of all of the muscles for various intervals of time after dener- 
vation, and in particular, continuous fibrillation voltages were recorded for 
various time intervals. As reported previous^ by Weddell et al. (2) and Jasper 
(5), a definite but unmeasurable decrease in the number and frequenej'^ of fibrill- 
ation voltages was noted prior to beginning motor unit recoveiy. Wffiile we did 
observe a steady decrease in the number of areas exhibiting continuous fibrillation 
prior to beginning motor uhit recoverjq we failed to find a cessation of continuous 
fibrillation in all areas of any one muscle as reported bj'' Weddell (1). 

Although electrical silence was observed in 15 per cent of the areas on the 8th 
postoperative day, fibrillation voltages were recorded five daj^s later from all of 
these previousl}^ silent areas. Of the four electrically silent areas observed on the 
40th postoperative day, motor unit voltages only were elicited from just one on 
the 50th postoperative dajq and at no time was electrical silence found in all four 
areas of any one muscle. From these data on the experimental animal (cat), 
electrical silence has not been found to bear a close correlation with either severe 
morphological changes in muscle or beginning motor unit recovery as reported 
IVeddell et al. (1) and Jasper (4), respectively. From the evidence at hand, 
no interpretation should be placed on electrical silence per se unless the presence 
or absence of muscle tissue is first ascertained by some other means, e.g., electri- 
cal studies or muscle biopsy. 

^ The motor unit voltages associated with beginning motor unit recovery ivere 
m all instances of pol 5 q)hasic ivave form as reported bj*^ other workers. The 
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time interval required for the spread of motor unit activity throughout the 
muscles (motor unit spread interval) ranged from 10 to 20 days, the mean being 
11.66 days. The duration of the motor unit spread intei-val after nerve suture 
in the cat, was somewhat longer than the one reported bj’- Feinstein et al. (3) 
after nerve cmshing in the rabbit (5 to 6 days), and about the same as the one 
reported by these workers after nerve crushmg in the human being (12 days). 
The explanation for these differences in duration of the motor unit spread in- 
terval in various mammals is not at hand, but the lengths of the muscles and the 
species of the mammal are undoubtedly contributing factors. Although com- 
plete functional recovery did follow in all muscles having a relatively short 
motor unit spread interval, more evidence is needed to presage an inverse re- 
lationship between the duration of the motor unit spread inteiwal and the per- 
centage of functional recovery .- 

Beginning motor unit recovery preceded unequivocal functional recovery in 
all instances, and when unequivocal functional recovery was present, motor unit 
voltages were elicited from all four areas of five muscles, and from two areas in 
the sixth. The time interval between beginning motor unit recovery and un- 
equivocal functional vecovery (functional delay inteiwal) ranged from 9 to 16 
days in the cat with a mean of 12 days. WeddeU et al. (2) observed the func- 
tional delay interval to range from 2 to 15 days after nerve crushing, and from 
90 to 120 days after delayed suture in the human being. They consider the 
duration of tlie functional delay interval to be a function of several factors in- 
cluding “quality” of reinnervation, anatomical position and action of the rein- 
nervated muscles, and the change in destination of many axons in the coiuse of 
reinnervation. However this may be, thej’^ do report complete functional 
recovery in the muscles after neiwe crushing, but have failed to state when and 
if it did occur after delajmd suture. In one case of delayed suture in which the 
functional delay interval equaled 14 days, they did observe good power in the 
muscle 35 days after the first detectable movement. Again, insufficient evidence 
is at hand to presage an inverse relationship between the functional delaj^ in- 
terval and the percentage of functional recovery; however, complete functional 
recovery either occurred or was anticipated in all instances when the functional 
delay interval was of relativelj^ sliort duration. 

Once started, functional recovery progressed veiy rapidty and by the ,90th 
postoperative day no wealcness could be detected clinicallj’’ in any of these 
muscles. This fact is of particular interest because fibrillation voltages were 
recorded from two of the muscles, and polyphasic (nascent) motor unit voltages 
were recorded from some areas in all of them on the 90th postoperative a} . 

In other words, complete functional recovery preceded complete electrom 3 'o- 

graphic recovery in all instances. u f 6 

Using beginning motor unit recovery as a sign of reinnei-vation, we have oun 
the rate of reinnerrmtion to range from 2.52 to 2.96 mm.. per day wit a ® 
2.61 mm. per day. Jasper (4) found this rate for the peroneal nerve m the Hu- 
man being to range from 0.6 to 3.4 mm. per day with a mean of 
For all other nerves (ulnar, radial, median, and posterior tibial) he touna i 
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rate to range from 0.8 to 5.0 mm. per day with a mean of 2.56 mm. per day. 
Altliougli Jasper has not reported a direct relationship between the rate of re- 
innervation and the percentage of functional recovery, he does report an inverse 
relationship between the rate of reinner\mtion and the time interval between 
nerv'e injury and nerve suture (suture delay interval). Young (8) reported an 
inverse relationship betAveen a prolonged suture delay interval and the effective- 
ness of the result, and considers shrmking of the schwann tubes and atrophj’’ of 
the muscles to be of paramount importance in preventing an effective result. 
From the Avork of Young (8) and Jasper (4), one may therefore deduce a direct 
relationship betAveen the rate of reinnerA^ation and the percentage of functional 
recovery. Ydiether or not a sIoav rate of reinneiwation Avould in all instances 
presage incomplete functional recoAmiy, Ave cannot say at this time, but aa'c did 
observe complete functional recovery in all muscles Avhen the average rate of 
reinneiwation (using beginning motor unit recoAmry as a sign of reinnervation) 
Avas 2. 61 mm. per day. 

Altliougli Langley (9) (1916) and ToAver (10) (1939) considered deneiwation 
fibrillation to contribute markedly to denenmtion atrophj^ more recent Avork 
(11) and Feinstein et al. (3) failed to shoAv the existence of such a relationship 
betAA'een denervation fibrillation and deneiwation atrophjL Hou'ever this may 
be, too much emphasis has been placed upon the role of fibrillation as related to 
atrophy and too little upon the rfile of fibrillation as related to ultimate functional 
recovery. In the present experiment, aa'c obseiwed complete functional re- 
covery in all muscles ei'en though the5'' AA'ere proven by electromyography to be 
fibrillating for various time intervals after denervation. Weddell et al. (2) 
(1944) found continuous fibrillation to be absent in denervated muscles im- 
mobilized for prolonged periods of time (5 mo.), but AA'ere able to re-establish 
continuous fibrillation in these muscles AAuth vigorous physiothe npy in the form 
of radiant heat, massage, gabrnnic stimulation, and passiA^e movements. 

Chor et al. (12) made histopathological studies on deneiwated muscle (macacus 
rhesus monkey's gastrocnemius-soleus) immobilized for Amrious periods of -time, 
and reported longitudinal striations to be apparent as a result of clenAmge be- 
tween small bundles of myofibrillae tAvo AA'eeks after denerAmtion. At the end of 
six AA'eeks the degeneration of the myofibrillae Avas Amry prominent and the 
striations Avere no longer visible in many fibera. At this time the muscle cells 
had been conA’’erted into granular structures in AAdiich Amcuoles "were seen as 
eAudence of seAmre breakdoAA'n. Taa'cIa^g AA-eeks after deneiwation there AA^as 
marked fibrosis of the degenerated muscle fibers; hoAveAmr, a feiv residual seg- 
ments of muscle fibers undergoing transformation into fibrous tissue Avere noted. 

ToAA’er (13) (1935) reported the progi'essiAm histological changes in non-im- 
mobilized skeletal muscle (cat’s interossei) folloAAdng denervation, but observed a 
generally normal appearance of the contractile element of the muscle fibers— 
. the myofibrillae— two AA^eeks after denervation. Tavo months after denervation 
a fading of the cross striations AA'as noted but the contractile and the orienting 
mechanism were stilly in working order. At four months Tower reports the 
emergence of “fibrotic de-differentiation.” By comparing these progressive 
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histological changes in immobilized and non-immobiiized skeletal muscle, one is 
impressed with the rapid rate of degeneration in the immobilized muscles. 

’V\Tiile a species difference may conceivablj^ account for part of the rapid de- 
generation in tJiese immobilized muscles, immobilization itself appears to have 
been the fundamental factor. This fact is given additional support bj’^ the work 
of Huddleston et al. (14) who observed prolonged immobilization of denervated 
muscle (dog s tibialis anticus and gastrocnemius-plantaris) to interfere in some 
way with subsequent reinnervation and ultimate functional recovery. Althougli 
these workers did not study the electrical activity of the muscles, the findings of 
the present experiment together with those of Weddell et al. (2) entitle one to 
presume the absence of continuous fibrillation in the immobilized muscles and its 
presence in the non-immobilized controls. 

From the evidence presented one may adduce that continuous fibrillation is a 
physiological response of skeletal muscle to denervation, and for this reason it is 
of paramount importance in maintaining denervated skeletal muscle as con- 
tractile tissue during the deneiwation period. Expressed somewhat differently, 
fibrillating denervated skeletal muscle is contractile tissue having the physical 
capacity for reinnervation. With these thoughts in mind, there appears to be a 
sound physiological basis for prescribing only those physical and chemical agents, 
during the period of denerAmtion, which are knoAAm to enhance continuous fibril- 
lation. 


stramAKY 

An investigation was made concerning the time course of electrical activity in 
the tibialis anticus muscles of six cats after section and immediate suture of their 
nerve supply. 

Fibrillation rmltages were recorded throughout the lengths of all muscles for 
various time inteiwals folloAA'ing denervation. There Avas a definite but un- 
measurable decrease in the number and frequenc}^ of fibrillation Amltages prior to 
beginning motor-unit recoA''ery. There aa^s a decrease in the total number of 
areas shoAAdng continuous fibrillation, but there was no cessation of continuous 
fibrillation in all areas of any one muscle prior to beginning motor-unit recoA'-ery. 

Electrical silence did not bear a close correlation Avith either severe morpho- 
logical changes in muscle or beginnmg motor-unit recovery. The motor-unit 
voltages associated Avith beginning motor-unit recovery AA^ere in all instances 
of polyphasic AA^aAm foian. 

The average duration of the motor-unit-spread inteiwal AA-as 11.66 days. Be- 
ginning motor-unit recovery preceded unequivocal functional recoveiy in all 
instances, hlotor-unit voltages AA’-ere elicited from all four areas in five muscles 
and from tAAm areas in the sixth when the muscle shoAA^ed unequivocal functional 
recover}''. The aAmrage duration of the functional delay inteival was 12 days. 

Complete functional recoAmiy preceded complete electromyographic recovery 
in all instances. The average rate of reinnerAmtion (using beginning motor-unit 
recoAmry as a sign of reinnervation) Avas 2.61 mm. per day. Complete func- 
tional recovery occuiTed in all muscles even though they Avere proven by electro- 
myography to be fibrillating for various time intervals after denervation. 
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Osmotic disturbances in body fluids bave been shonm to give rise to lenticular 
changes in the eye, such as the cataracts which appear in the rat within a space of 
minutes after intravenous injection of galactose (1). The transient cataracts in 
rats after decompression are also thought to be due to an osmotic upset resulting 
from an increase in the lactic acid content of the aqueous (2). Cataracts also 
develop gradual^ in rats maintained on a diet containing a large percentage of 
lactose or galactose (3). The galactose-fed rats develop cataracts earher than 
lactose-fed rats, and the speed at which the cataracts develop depends on the 
percentage of galactose in the diet (4). It is claimed that in this condition there 
is a decreased permeability of the lens capsule, and this accentuates the osmotic 
difference between the lens and aqueous humor (5). 

The high incidence of cataract and refractive change in human diabetics has 
therefore been attributed to abnormal osmotic relations of the body fluids con- 
sequent upon the high blood sugar. In the course of an investigation of this 
question it ivas desired to ascertain whether local osmotic changes within the 
eyeball as well as general systemic osmotic disturbances could cause lenticular or 
refractive changes. 

Cats under nembutal anesthesia were chosen for the experiment, since with 
atropine cyclopegia the cat’s eye can be readily refracted, and the range of ac- 
commodation upon nerve stimulation has been found to be as much as 8.00 D 
under these conditions. In a few instances dogs under nembutal were also 
used. For the experiment the sldn at the latei’al canthus was cut away suf- 
ficiently to expose a small area of sclera, and by rotating the globe nasalwavds, a 
portion posterior to the equator was made accessible. Injection of fluids of 
various tonicities was made into the vitreous. It was found that comeal cloud- 
ing resulted from the increased intra-ocular pressure Avhen the volume of the 
injected fluid exceeded 0.25 cc. Therefore volumes of 0.2 cc. were used in all 
the tests and in no case was comeal clouding observed with injections of this 
amount of fluid. Both hypo- and hypertonic solutions were used, on the as- 
sumption that if any changes did occur and these were tlie result of altered os- 
motic relations, they would vaiy Avith the tonicit}^ of the injected fluid. The 
solutions tried Avere 1, distilled AA'ater; 2, phj^siological saline or Ringer’s solu- 
tion; 3, 1.5 per cent NaCl, and 4, a glucose solution equivalent osmotically to 
the preAuous salt solution. Refractive changes Avere determined by retinoscopy 
and the ocular media AA'ere examined ophthalmoscopically. 

Injection of 0.2 cc. of each of the aborm fluids into the vitreous produced the 
same effect in every case, viz., a transient refractrce change of 1.00 to 3.00 D in 
the direction of hypermetropia, but there Avas no indication of even transient 
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cataract. This induced h 5 ’-pennetropia regressed rapidly in the first few minutes, 
then more gradually until the normal refractive value was reached in from 12 to 
20 minutes after the injection. Typical results are shoivn in table 1. 

It is evident that the tonicity of the injected fluid is not the important factor in 
bringing about this refractive change. Neither is it the result of trauma, since 
merely piercing the globe with a needle without injecting any fluid produces no 
demonstrable refractive change in the eye of a deeply nembutalized cat. The 
reaction does not involve the sympathetic nerve supply to the eye — stimulation 
of which causes the lens to flatten and thus to produce hypermetropia (6)— 
since the result was obtained on injection of fluid into the vitreous after the cor- 
responding superior cervical sympathetic nerve had been severed in the neck. 
It does not appear to be the mechanical result of increased pressure distorting the 
shape of the globe, since the effect is in the direction of hypermetropia, not my- 
opia as one would expect from a stretching of the envelope of the eyeball. Nor 
is it the result of a forward displacement of the lens since this should also pro- 
duce myopia rather than hypermetropia. 


TABLE 1 



SOLUTION INJECTED 

i 

refractive change in diopters 

Cat 1 

R. e)'e, 1.5% NaCl 

+1.00 

1 

L. eye, normal saline 

+1.50 

Cat 2 

R. eye, distilled water 

+1.25 


L. eye, normal saline 

+0.75 

Cat 3 

R. eye, dextrose solution 

+1.50 


* L. eye, normal saline 

+1.25 


There remains the possibility that some vascular change within the eyeball 
might affect the shape of the lens, such as the forcing of blood out of the relatively 
rigid globe by the introduction of fluid under pressure into it. If this were the 
case, there might be some correlation between the degree of hypermetropia in- 
duced and the state of the blood vessels within the globe, or the ease witli which 
blood could leave tire eye. Since general vasodilatation may be produced by 
inhalation of amyl nitrite and general vasoconstriction by intravenous injection 
of adrenaline, the effect on the phenomenon of these two drugs was tried. 

Refraction of the eye of the nembutalized cat while the blood pressure was low 
immediately after inlialation of amyl nitrite showed that there was a tendency for 
a slight degi-ee of myopia to develop at this time. This effect was not always 
observed, however, but if a refractive change did occur it was always about 
—0.50 D. If, Avhile the blood pressure was still low, 0.2 cc. of fluid was injected ' 
into the vitreous, there was now either no accompanying refractive change, or a 
change in the direction of hypermetropia of no more than -{-0.50 D (10 ob- 
servations). In other words, the state of general vasodilatation in the body 
diminished or abolished the usual ly^peimetropic effect of injection of fluid into 
the eyeball. This nullifying action was transient, lasting only as long as the 
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blood pressure remained low, since in one animal, wliich had shown no refractive 
change on mjection of fluid into the vitreous during the time the blood pressure 
was low, injection of fluid into this same e 3 ^e as soon as the blood pressure had 
risen to normal produced +0.75 D of hj^permetropia, in spite of the globe having 
been previously punctured. 

Intravenous injection of 0.2 cc. of a 1:1000 solution of adrenaline, on the 
contraiy, caused a refractive change of as much as 2.50 D in the direction of 
hj-permetropia along with an elevation of blood pressure. If, while the blood 
pressure was higii, fluid was injected into the vitreous, there was still further 
lefiactHe change of -{-3.00 D to 4.00 D in the same direction (5 observations). 
Still gi eater changes up to -{-18.00 D were observed with more massii''e doses of 
adi-enaline (2 observations). In other words, during the state of general vaso- 
constriction, the effect of the injection of fluid into the eyeball was markedly 
enhanced. 

A similar augmentation of the effect of injection of fluid into the eyeball was 
obseiwed on stimulation of the ceiwical sjunpatlietic nerve in the neck. The 
results of one experiment are given in table 2. 


TABLE 2 


1 

KETRACTIOX 
AT BEGtKNING 
OF EXPERI- 
MENT 

REFRACrnT 
CHANGE ON 
STIMULATION 
OF CORRE- 
SPONDING SVl£- 
PATEETIC 
NERS'E 

I 0.2 CC. SALINE ' 
[iNjECtEDlNTOR. 
EYE ONLY; RE- 
FRACTIVE 
' CBAUGB 

REFRACTIVE CHANGE ON STIM- 
ULATION OP CORRESPONDING 
SYMPATHETIC NER^'E 

I 

REFRACTIVE CHANGE ON I.N' 
TRA VENOUS INJECTION OF 3 
CC. I; 1000 AHRENAEISE 

i 

R. eye 
L. eye 

-fl.OO D 
+1.00 D 

+2.50 D 
+2.50 D 

1 

+2.50 D 

about +1S.00 D 
+ 2.50D 

/ 

about +18.00 D 
+ 2.50D 


All these observations are in accord noth a theor}^ for the mode of action of the 
cervical sympathetic recentlj^ described b 3 '^ one of us (7), viz., that changes in 
tension on the suspensory’’ ligament,- and therefore the shape of the lens, are re- 
lated to changes in the volume of the ciliary’’ body”-, which in turn depends upon 
the amount of blood present in this organ, one of the most vascular st uctures in 
the bodyn The theory- postulates that constriction of the blood vessels in the 
cfliaiy body’’ so diminishes the volume of this stiucture that the ring of tissue 
shrinks back toward the sclera and thus helps to increase the tension on the 
suspensoiy ligaments and flatten the lens. Hthen the vessels of the ciliary’’ body- 
are engorged and its volume increased, the tension on the suspensoiy’ ligaments 
is diminished, and the lens tends to round out. It has been pointed out that 
this theory is an apphcation to the ciliary body of the theory of action of the ins 
in producing dilatation and constriction of the pupil proposed by’ Langivorthy 
(8) for which he has brought forward many convincing arguments. 

SUMJIARY 

Injection of small amounts of solutions of various tonicities into the rdtreous 
of the cat's (or dog’s) ey’e does not cause the appearance of cataract, but pro- 







EYE CHANGES FROM FLUID INJECTION INTO VITREOUS HUMOR 


571 


duces a transient state of hj^permetropia. The effect is greatly diminished 
during general vasodilatation induced by inhalation of amjd nitrite, and in- 
creased during general vasoconstriction induced by intravenous injection of 
adrenaline, and during cervical sjunpathetic nerve stimulation. These results 
are consistent with the theorj'- that accommodative changes in the eye are in- 
fluenced by changes in the volume of the ciliary bod}'- consequent upon changes 
in its blood content. 
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It has been showTi that a region of localized injury on heart muscle is electro- 
negative tvith respect to resting uninjured muscle when the muscle is at rest and 
becomes electropositive with respect to the same reference when the surrounding 
muscle goes into activity (1). It has further been shown that the potential 
changes resulting are sharply localized in the region of injury or the immediate 
contiguous tissue (2). It was postulated that these potentials arise as the result 
of concentric rings of charges wRich revex'se their polarity when the surrounding 
muscle goes from an inactive to an active state (1). The present study repre- 
sents an attempt to determine some of the electric characteristics of this process 
by the appheation of simple electrophysical laws. 

If the region of injury maintains electrical charges as implied above, it should 
show the foUoudng relations. If Bo represents the potential with infinite short 
circuiting resistance, Ei the potential developed with a finite short circuiting 

E 

resistance = Ri, then the current flow is Ji = — and the impedance is r = 

Hi 


Eq — El 


- Ri 


Eo - El 


h El ^ 

These relations, which are applications of Ohm’s law, are commonly used in 
the deteimination of the internal resistance or impedance of batteries. It is to 
be noted that they give no information regarding the nature of the impedance 
but only its absolute value. They have been previously applied in at least one 
physiological study, that of the estimation of impedance in single fibers of skeletal 
muscle (3). 

Methods. The experiments have been carried out on the ventricles in situ 
of large specimens of the snapping turtle (Chelydra serpentina) and on the ex- 
posed ventricles of the dog’s heart. Injuries W'ere produced in all cases by suction 
applied by means of a vacuum pump to a region of the surface of 1.5 or 3.0 mm. 
in diameter. This method of injury, first used by H. C. Wiggers (4), is superior 
in our experience to any other method, in that potential curves are obtained 
which are or approximate closely h simple monophasic curve of reproducible con- 
tour, In previous work we have employed a glass T tube wdth a zinc-zinc sul- 
phate electrode provided Avith a wick to make contact vdth the heart inside the 
tube. It soon became apparent hoivever that this type of electrode polarize^ 
under the relativelj’’ large current flows that are obtained when the circuit is 
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loaded with a relatively low resistance. Glass tubes of approximately 1.5 cm. in 
diameter were drawn out to a terminal internal diameter of 1 .5 or 3 .0 mm. Discs 
of platinum of about 1 cm. diameter and continuous with a strip of the same 
material several centimeters in length were platinized and sealed in the tubes bj’’ 
means of a rubber stopper and cement. A glass tube through, the stopper pro- 
vided for connection to a vacuum pump to produce the suction injury. The 
electrode was filled with Ringer’s solution sufficient to cover the disc and placed 
on the heart surface. The large conducting surface of the electrodes reduced 
current density and electrode polarization to the point that the latter did not 
occur until the resistance across the input of the amplifier was of the order of 100 
ohms or less. Polarization of the electrode when it occurred was easily recog- 
nized by distortion of the curve. 

The platinum electrode apphed to the heart was paired with a plate of platin- 
ized platinum applied to the pelvis or hind leg. The electrodes led to the input 
of a 4 stage direct coupled amplifier and cathode ray oscillograph. The amplifier 

TABLE 1 


Effect of decreasing the value of Ri {loading resistance) on maximum current flow and 
impedance in a typical experiment {turtle) 


LOADING RESISTANCE 
IN OHMS 

Eo IN 10-J VOLTS j 

El IN 10"’ VOLTS 

ll IN 10~« AMPERES 

r IN 10’ OHMS 

10« 

5 X 10’ 

45.5 

1 

29.50 

1 

1 

5.88 

2.72 

2 X 10’ 1 

1 

17.60 1 

8.80 1 

3.18 

10’ 

j 

10.70 

10.70 

3.25 

S X 10’ 


5.27 

10.50 

3.83 

10’ 


1.05 

10.50 i 

4.23 


i 


nput had a resistance of a million ohms across the leads. This we have regarded 
as “infinite” resistance or “zero” load. By a switching arrangement any desired 
lower resistance, usually of the order of two thousand ohms, could be placed 
across the input. This was the “loading” resistance or the factor Ri and by its 
insertion the potential recorded was reduced from Eo to Ei. All records were 
calibrated in millivolts and the determination of the values Bo and Ei gave the 
basis for the calculation of Ji and r. Measurements of the curves were made udth 
a comparator provided with micrometers and 40 X magnification (5). 

Results. The effects of decreasing the value of Ri {“loading resistance”). As 
the load is increased by decreasing the loading resistance the maximum current 
flow rises within limits and then tends to remain constant or decrease slightly. 
The impedance rises continuously with increase in load. A typical e.xample con- 
cerned Avith the maximum injurj’’ potential from a turtle’s heart is shown in table 1 . 

After the data given in table 1 were obtained the electrode was removed from 
the heart and placed in body fluid near the heart. The impedance of the elec- 
trode system not including heart muscle was 2.27 X 10^ ohms. 

The voltage, maximum current flow and impedance during the negative and durmg 
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ihe -positive phases of the injury potential. The suction electrode was placed on 
the heart and suction carried out while the record was being made. Normal uni- 
polar action potentials Avere thus secured before the region was subjected to in- 
The level of potential of resting heart muscle before injury Avas produced 
AA^as continued into the injury curve and made possible an examination of these 
two phases. The first phase is the change in potential from the electronegative 
state during rest to the level of the reference potential. The second phase in- 
cludes the .change of potential from the reference leA'^el to the maximum electro- 
positi-ve state at the injury potential peak. The results from the statistical 
analysis of 54 determinations made in 7 turtles are given in table 2. It is apparent 
that the potential developed and the maximum current floAV are significantly 
greater AA^hile the impedance is loAA^er during the electropositive than during the 
electronegative phase. 

Changes in potential, current fioio and impedance with time. Figure 1 shoAA'-s the 
potential, current flow and impedance of an injury on the ventricle of a turtle 
during the period Avhen the muscle surrounding it is in actmty. The data for 

TABLE 2 


Potential, current flow and impedance during the electro-negative and during the electro-positive 

phases of cardiac injuries {turtle} 



ELECTKO-NEOATn'E PHASE N = 54 

ELECTRO-POSlIIt'E PHASE N = 54 

Eo in 10-» 
volts 

Ii in 10*« 
amperes 

r in 10® 
ohms 

Eo in IQ-* 
volts 

h in 10-« 
amperes 

r in 10’ 
ohms 

Means 

21.35 

3.83 ’ 

4.00 

30.25 

8.55 


Standard error of means 

±0.74 

±0.16 

±0.30 

±0.78 

±0.26 


Standard deviation 

±5.44 

±1.21 

±2.23 

±5.72 

±1.88 

! ±0.50 

Coefficient of variation 

25.4 

31.6 

55.6 

18.8 

22.0 

31.4 


this flgure AA'^ere obtained by dividing the injury potential curve into 105 arbi- 
trary tinie intervals and measuring at each interval the values of Eo and Ei. The 
potential of the injured region rises rapidly from a negative value of 25 mvg. to 
approximately the same positive Amlue. The current at the start of the potential 
change is approximately 10 microamperes and falls rapidly to zero. It rises 
rapidly to approximately its original level as the potential reaches its maximum 
positive value and then declines at first gradually and later more rapidly to again 
reach zero as the potential changes from a positive to a negative A’-alue. The 
impedance is indeterminate AA^hen the current floAV is zero and the curve of im- 
pedance shows tAA'o points of discontinuity. FolloAAung the first of these it is of 
loAV value and rises at first sloAAdy and then more rapidly to reach a high value as 
the current falls toAAmrd zero. This rapid rise in impedance appears to be in 
large part responsible for the rapid fall in current during this period. Followng 
the second rcA'^ersal of potential the impedance is relatively Ioaa^ and is maintaine 
nearly constant throughout the period of resting injury potential. This part of 
the cycle, because of the constancy of the Amriables during this pei’iod, has not 
been included in the figure. 
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We have made charts in five other instances from similar material Avith similar 
results, the curves diffenng from those reproduced here in only minor details. 

The effect of size of injunj on current flow and invpedance. The results from 51 
injuries vith an electrode of 1.5 mm. aperture as compared with 51 injuries until 
an electrode of 3.0 mm. aperture are given in table 3. There is insignificant 
difference in mean voltage in the two series while the current flow is significantly 
greater and the impedance significantly less unth the large area of injury. The 
loading resistance used in all cases was 2 X 10® ohms. 

Comparison of injuries singly and in parallel connection. These experiments 
were carried out in the following manner. Two suction electrodes of the type 
described ivere used to produce two injuries simultaneously. Each was recorded 
singly unloaded (ffi = 10® ohms) and loaded (i?, = 2 X 10® ohms) and then by 
a switching arrangement the two injuries were placed in parallel and curves made 
unloaded and loaded. An example of the curves obtained by this procedure is 
given in figure 2. The two upper cunms are potential time records of the two 
single injuries before and after applying the loading resistance. The lowest curves 

TABLE 3 


Effect of size of injury on current flow and impedance of the eomhined cleeiro -negative and 
electro-positive phases of the injury (turtle) 


1 

i 

INJURV 1.5 iw. m dumeterN = 51 1 

INJCRV 3 ilM. IK DIAJIETER N = 54 

EoinlO-’ 

volts 

liin 10-<‘ 
amperes 

r in 10’ * 

ohms j 

Et, in 10-5 
volts 

li in 10-5 
amperes 

r in 105 
ohms 

Means 

49. 6S 

9.71 

3.14 

51.62 

12.38 

2.19 

Standard error of means 

±1.10 

±0.22 

±0.09 

±1.13 

±0.32 

±0.09 

Standard deviation 

±7.87 

±1.59 

±0.65 

±8.28 

±2.35 

[ ±0.37 

Coefficient of variation 

15.7 

16.3 

20.6 

16.0 

19.0 

1 16.9 


are similar records udth the two injuries in parallel. The statistical analysis of 
the results from 68 single and 34 parallel injuries in the turtle and from 68 single 
and 34 parallel injuries in the dog is given in tables 4a and b respectively. In 
both it appears that ■with the injuries in parallel the voltages developed are not 
significantly different, while there is increased current flow and lower impedance 
■with injuries in parallel than in the single injuries recorded separately. 

Potential, current flotv and impedance during the QRS period of action potentials. 
Data from unipolar action potentials recorded -with the electrode of 1.5 and 
3 mm. diameter are summarized in table 5. These data were derived by 
determining the total voltage change during the QRS period without load {R = 
10® ohms) and after loading (Ri = 2 X 10® ohms) in the usual manner, the suction 
electrode being used before suction was applied. After a few normal cycles suc- 
tion was applied and the data on injury potentials obtained which are summarized 
in table 3. 

Discussion. Although in cardiac injuries produced by suction, monophasic 
potential-time curves of similar contour are consistentty obtained they may differ 
in total voltage, relative time of onset, and are subject to the usual variations 
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comnion to any physiological experiment. Because of this it early became 
apparent that vahd conclusions could be drawn only from a relatively large 
amount of data analyzed statistically. In addition to the data presented in the 
tables, total correlations were made in all cases between the variables and the 
significance of differences between means tested by use of the critical ratio. 
Correlations between Ea, Ei, Ii and r were in all cases such that the probabifity 
of the correlation being due to chance was less than one in a himdred (P <0.01) 
except as noted below. As expected the correlations between Eo, Ex and E were 
positive, those between Ii and r negative. Two correlations, both involving I 
and r, one in parallel injuries in the turtle and the other in parallel injuries in the 
dog, had levels of significance of P>0.01 <0.05. The determination of the 

TABLE 4 


Potential, current flow and impedance of injuries in single and parallel connections 


SINGLE INJURIES N 

= 68 


1 INJURIES IN PARALLEL N = 34 


Eo in 10"3 
volts 

It in 10-< 
amperes 

r in 10’ 
ohms 

Eo in 10"3 
volts 

It in 10~< 
amperes 

r in 10* ohms 
Observed Calculated 


a. Turtle 


Means 

standard error of 

48.27 

7.60 

4.52 

44.93 

10.27 

2.40 

2.22 

means 

±1.50 

±0.32 

±0.09 

±1.79 

±0.44 

±0.06 

±0.05 

Standard deviations. 
Coefficient of varia- 

±12.38 

±2.62 

±0.75 

±10.43 

±2.57 

±0.37 

±0.28 

tion 

25.6 

34.5 

16.5 

23.2 

25.0 

15.4 

13.2 


b. Dog 


Means 

75.84 

18.29 

2.20 

75.87 

24.22 

1.15 

1.09 

Standard error of 
means 

±1.63 

±0.44 

±0.51 

±2.03 

±0.63 

±0.04 

±0.04 

Standard deviations. 

±13.41 

±3.63 

±0.48 

±11.81 

±3.65 

±0.22 

dbO.21 

Coefficient of varia- 
tion 

17.7 

14.4 

21.8 

15.5 

15.0 

19.0 

19.2 









significance of difference between means involved the means of Eo, h and r with 
the electrodes of 1.5 and 3.0 mm. and between the same means in single and 
parallel connections in the turtle and the dog. The mean of the Eo’s, differed by 
an amount which could be accounted for by chance at the probability level of 
0.16 to 0.99 and these differences are regarded as insignificant. The difference 
between the means of the P’s and r’s were all above P <0.0000 and are regarded 
as significant. The results obtained by statistical analysis of the data are m 
agreement with the postulates made in reference to the nature of the electrical 
phenomena of an injured region. 

The maximal potential developed and maximal current flow of comparable 
ventricular injuries in turtles and dogs are considerably less in the former animal, 
while the impedance in the turtle is higher than in the dog (tables 4a and b). 
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The impedance as determined represents the impedance between the two elec- 
trodes, including the impedance of the heart and the impedance of the 
electrode. The suction electrodes used were all of the same pattern and differed 
only as to the area of contact with the heart muscle. The impedance of the 
suction electrode itself is small, less than 100 ohms, and the impedance of the 
body between the electrodes, exclusive of the heart, may be regarded as relatively 
constant during the course of an experiment. The principal variable factor in 
regard to impedance in these experiments is in the heart. 



-10 0 10 20 30 40 50 60 70 80 90 100 


Pig. 1. Voltage, current flow and impedance changes in an injured region on the ventri- 
cle of a turtle during the systolic period. Description in text. 

In measurements of impedance in heart muscle by the use of an outside source 
of power in the form of an alternating current applied through a bridge network, 
it was recognized that contraction of the muscle by increasing its thickness may 
of itself increase the impedance. In order to avoid this workers using this method 
(6, 7) have made their measurements with preparations contracting isometrically, 
either ventricular strips or the whole ventricle. The impedance in the present 
work is determined by using the heart itself as the power source without the 
application of any outside applied pmver and the intact heart in situ contracted 
in the noiraal isotonic manner. Changes in impedance which may be in part due 
to alterations in thiclcness of the muscle are those which occur in the heart con- 
tracting in a normal manner. All of our determinations of impedance, except 
those made throughout the systolic period, as illustrated in figure 1, have however 
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been'made at comparable periods in the contraction. It has previously been 
few f f ^ potential-time curve from any region of heart muscle bears 
a close lelation to the onset of contraction in contiguous regions of normal muscle 
(8). Contraction begins at or near the point where the injury potential changes 
lom a negative to a positive value. The results summarized in table 2 were 
derived from measurements made at two periods, the maximum potential change 





Fig. 2. Potential-time curves from two regions of injury on the ventricle of a turtle, 
recorded singly and in parallel. Further description in the text. 


TABLE 5 

Action potentials {unipolar leads) of turtle ventricle 



ELECTRODE 1 .5 MM. IN DIAMETER 

N = 51 

ELECTRODD 3.0 Mil. IN DIAMETER 

N = 54 

Eo in I0“3 
volts 

Ii in 10-8 
amperes 

r in 10^ 
ohms 

Eo in 10 8 
volts 

Ii in 10-8 
amperes 

r in 10^ 
ohms 

•Means 

12.52 

2.03 

5.12 

13. SS 

3.16 

2.51 

Standard error of means 

±0.51 

±0.13 

±0.45 

±0.61 

±0.17 

±0.19 

Standard deviation 

±3.60 

±0.91 

±3.23 

±4.48 

±1.27 

±1.37 

Coefficient of variation 

23.8 

44.7 

63.0 

33.0 

40.0 

55.0 


preceding and the maximum potential change following the point of potential 
reversal. In all other instances the total potential change from its maximum 
negative to its maximum positive value was used for the calculation of the im- 
pedance. Action potentials in general show much greater i^ariations than do 
injuiy potentials as is evidenced bj^ the larger coefficients of variation in the 
former (tables 3 and 5). However, as in injury potentials, the use of the large 
electrode is associated with significantly greater current flow and dimmished 
impedance as compared with the smaller electrode. Significant correlation co- 
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efficients are also obtained between the variables Eo, and h and r. On comparing 
action and injury potentials from the same region (tables 3 and 5) it is obvious 
that the voltage developed and the maximum current flow is greater and the 
impedance less in the injury potentials than in the action potentials. Attempts 
to determine ivhether an.y correlation exists between the voltage, current and 
resistance in the action potential and in the injury potential from the same region 
led to uncertain results. Correlations between the two using the 3 mm. electrode 
were significant at the 0.05 to 0.01 level. However, correlations between the 
two using the 1.5 mm. electrodes were entirel}’’ insignificant. 

SUMMARY 

Measurements of voltage, current flow and impedance have been made from 
injured regions of ventricular muscle of the turtle and dog and during the QRS 
period of the normal unipolar action potential of the turtle. The method used 
was to record potential time curves with high resistance across the input leads 
to the amplifier followed by similar curves with relatively low resistance across 
the input (loading resistance). The values of the voltages recorded served for 
the calculation of current flow and impedance. With decreasing values of resist- 
ances across the input to the amplifier, the maximum current from injuries in- 
creases up to a certain point and then tends to remain nearly constant. The 
impedance increases continually udth loading resistances from 5000 to 200 ohms. 
During the period when the heart muscle surrounding an injury is in activit}’’, 
changes in voltage, current flow and impedance occur which are described in the 
text. Increasing the area of injur 3 '- results in increase in the maximum current 
flow and decrease in impedance. The same results are obtained in recording 
two injuries in parallel connections as compared uith recording each alone. The 
results are in agreement with the postulation that an injured region of heart 
muscle maintains electrical charges which undergo variations in amphtude and 
polarity when the muscle surrounding the injuiy enters into activity. 
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In a recent report (3) it was demonstrated that the stimulation by adrenal 
cortical extract of glyconeogenesis from protein in the adrenalectomized rat was 
not accompanied by an increase in the arginase activity of the liver, but that of 
the kidney was partly restored to normal. Previous treatment with testosterone 
propionate did not alter the effects of the adrenal cortical extract but greatl}'- 
increased the kidnej'' arginase. 

The above study has been extended to two other enzymes, the “alkaline” and 
“acid” phosphatases. 

Method. Adrenalectomy. White rats of the Wistar strain were adrenal- 
ectomized under ether anesthesia, in groups of 8 to 12. 

Hormone preparations. Doses of 2,5 mgm. of testosterone propionate,'* in 0,1 
ml. of sesame oil, were injected in the morning and the evening from the day of 
operation, including the morning of the day of the autopsy. 

The deso.xycorticosterone acetate^ Avas injected at 1 mgm. per day from the 
day of the operation. 

The adrenal cortex extract (aqueous, Upjohn)^ Avas concentrated just before 
use in vacuo at 30-40° to about one-half its Amlume in order to remove the alcohol; 
the volume AAms restored AAuth AA^ater, except in the 2 ml. per injection experi- 
ments, AAdaen it aa^s made to exactlj'' one-half of its original Amlume. The injec- 
tions AA’^ere given on the 5th postoperative day at hourly interA^als for 8 hours (4). 

Procedure. The rats AA^ere placed in individual cages as a rule 3 days before 
the operation and Avere given 12 grams of Purina fo.x choAA" meal and 1 per cent 
sodium chloride or tap AAmter at 5 p.m. each day. No food AA'as given on the 4th 
post operative day and the drinking tubes AA-ere removed (5) on the next morning 

1 This investigation was aided by grants from the Josiah Macy Jr. Foundation. 

2 The data contained in a preliminary note (1) are not included in this report. ® 

of these data have been reported in the Josiah Macy Jr. Foundation ^ 

abolic Aspects of Convalescence. Eighth meeting 50 (1944) and tenth meeting , ( , 

and in a review (2). . ■ -i tn tlio 

2 The data in this paper were taken from a thesis submitted by Virginia IS . ai 
Graduate School, the University of Rochester, in partial fulfillment of the requiremen s 

for the M.S. Degree, July 1945. _ fnpr- 

* The testosterone propionate (perandren) and the desoxycorticosterone ace a tp 

corten) Avere provided by Ciba Pharmaceutical Products, Inc. 

5 Part of this material Avas provided by Dr. M. Kuizenga, The Upjohn Company, . 
the rest was purchased from local dealers. 
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just before the injections of the adrenal cortical extract were begun. One hour 
after the last injection of the adrenal cortical extract, the rats were injected intra- 
peritoneally vith sodium amytal at 9 mgm. per 100 grams of body weight, men 
anesthesia was complete the liver was rapidly removed, the left section of the 
median lobe cut off and the remainder was weighed and analysed for glycogen 
(6, 7). A piece, 1-2 mm. thick, was removed from the left section of the median 
lobe and placed in 15-20 ml. of absolute redistilled acetone for the histochemical 
determination of the “alkaline” phosphatase (8). Another piece was removed 
for the determination of water content and the remainder was weighed and placed 
in 5 ml. of cold redistilled water. 

The right kidney was removed, weighed and placed in 5 ml. of cold redistilled 
water. The left kidney was removed, weighed and a 1-2 mm. thick cross section 
was removed and placed in acetone for the histochemical enz 3 Tne studies. 

Enzyme determinations. The tissues were homogenized (9, 10) and enough 
water was added to give a concentration of 20 ml. water per gram of tissue. 
These stock homogenates were diluted 4 fold for the “acid” phosphatase deter- 
mination and the kidney sample was diluted 30 fold for the “alkaline” phospha- 
tase determination. The “alkaline” phosphatase was determined at pH 9.8 by 
the Eng-Aimstrong method (11) with minor modifications (10) and the “acid” 
phosphatase at pH 5.4 (10) with the Robinson-Gutman substrate (12), 

Histochemical determination of “alkaline" phosphatase.^ The method of Gomori 
( 8 ) without any counterstaining was used for the histochemical determination of 
the “alkaline” phosphatase. The enzyme activity of the liver was enhanced bj'- 
the addition of 10 parts of M/10 Mg SO 4 (13, 14) to the incubation mixture. 

Nitrogen determination. Nitrogen was determined by analj’^sing aliquots of 
the tissue homogenates b}'' the micro-Kjeldahl method. 

Water content. The piece of liver was dried to constant weight at 90-100° in 
an electric oven. 

Results. Weight and composition of the liver. Adrenalectomj’- produced the 
expected decrease in glycogen and no remarkable changes in the weight, water 
and nitrogen (protein) content of the lii'-er (table 1). The administration of 
water instead of 1 per cent sodium chloride or daily injections of deso.xj'-cortic- 
osterone acetate did not influence the effects of the adrenalectomju The results 
after the sham operation are essentially identical to those obtained in the normal 
rats. 

The administration of adrenal cortical extract had no remarkable effect on the 
weight or water content of the liver. It did produce, however, a small but sig- 
nificant decrease in the nitrogen (protein content) and the expected increase in 
glycogen (table 1). Previous treatment with testosterone propionate slightly 
decreased the effects of the adrenal cortical extract on the liver glycogen. The 
changes, however, were small and not significant. 

Liver phosphatases. Adrenalectomy slightly increased the “alkaline” phos- 
phatase of the liver (table 2). Desoxycorticosterone acetate had no influence 

'Charles Luttrell assisted in carrying out some of these determinations and in the study 
ot the prepared histological sections. 
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but the adrenal cortical extract produced a very large increase in the enzyme. 
The livers of the adrenalectomized animals possessed small amounts of the en- 
Z 3 >'me which was localized (black areas) in the cells at the periphery of the lobules 
(fig. 1). After the administration of the adrenal cortical extract the amount 
present in this area increased and also the enz 5 Tne appeared (was produced?) in 

TABLE 1 


The effect of adrenalectomy, adrenal cortical hormones and testosterone propionate (T.P.) plus 
adrenal cortical extract (A.C.E.) on the composition of the liver 



NO. 

BODY WGT. 

UNTIGHT 

GLYCOGEN 

WATER 

NITROGEN 

Water ad libitum 

8 

gm. 

144 

per cent* , 

0 

per cent* 

+8 

■ +9 

per cenl* 

0.0 

per cent* 

-0.5 

Desoxj'corticosterone acetate, 1 
mgm/dav 

1 

6 1 

161 

-5 

-1.0 

- 1.4 

Normal 

s 

145 

+5 

+470 

-2.6 

+ 1.4 

Sham operation 

4 

150 

+5 

+465 

-2.2 

+ 2.5 

A.C.E., S X 5 ml/hr 

13 

157 

+9 

+560 

-0.7 

- 4.1 

A.C.E., 8 X i ml/hr 

3 

154 

-1 

+1750 

-2.5 

-3.8 

A.C.E. , S X 2 ml/hr 

6 

142 

+10 

+1370 

0.0 

-7.4 

T.P., 2 X 2.5 mgm/day + A.C.E., 
8 X 5 ml/hr 

11 

158 

+11 

+375 

-1.5 

-3.3 

T.P., 2 X 2.5 mgm/day + A.C.E., 

S X 2 ml /hr 

6 

150 

-1 

+1200 

-0.9 

-5.5 








* Change from average values of 10 control rats: Body weight 156 grams; weight 3.34 
grams/100 grams body weight; glycogen 65 ± 18 mgm/100 grams liver; water 72.5 ± 1.3 
grams/100 grams liver and nitrogen 3.66 ± 0.11 grams/100 grams liver. 





■ r-v" 
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Fig. 1. The “alkaline” phosphatase (black areas) of the 
rat receiving 0.9 per cent sodium chloride as drinking water. A(25X; 

relatively large concentration in the walls, cytoplasm and nuclei of 
cells (fig. 2). The increase in the “alkaline” phosphatase was ii^ediate (fig. dj. 
There was, at first, a spurt in the production of the enzyme fol on e ly a s 
decline and a gradual increase with increase in glycogen formation. 
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effect of adrenae cortex extract on liver and kidney 



Fig. 2. The “alkaline” phosphatase (black areas) of the liver of an adrenalectomized rat 
receiving 0.9 per cent sodium chloride as drinking water, daily injections of testosterone 
propionate and on the last day adrenal cortical extract (aqueous Upjohn). A(25X) 
B(200X) 



Fig. 3. The effect of the adrenal cortex on liver glycogen and “ alkaline” phosphatase. 
The values are plotted as differences from those of adrenalectomized rats which received 
1 per cent Na Cl as drinking solution. The per cent changes are for the milligrams glycogen 
per 100 grams and units of enzyme per gram of liver. 

Normal 0; sham operation •; adrenalectomized rats receiving water instead of 1 per 
cent Na Cl, O; adrenal cortical extract, \ ml, hr., ©; 2 X 2.5 mgm. testosterone propionate 
per day plus adrenal cortical extract, | ml, hr, €)•, adrenal cortical extract 1 ml. hr., 0; 
adrenal cortical extract, 2 ml. hr., ©; 2 X 2.5 mgm. testosterone propionate plus adrenal 
cortical extract, 2 ml. hr., O . The values for the rats treated with desoxycorticosterone 
acetate are omitted because they were the same as those of the rats receiving water and the 
lack of space did not permit their insertion. 

Note the sharp increase in the enzyme activity of the liver of the treated rats and the 
lack of increase in the normal rats. 


Preidous treatment ivitli testosterone propionate had no effect on the enzyme 
response obtained with the adrenal cortical extract. 

The livers of normal animals vdth amounts of glycogen similar to those of 
adrenalectomized rats treated ivith adrenal cortical extract showed a slight de- 
crease rather than an increase in the “alkaline” phosphatase (table 2, fig. 3). 
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The “acid” phosphatase was not altered by any of the above treatments, there- 
fore the data on this enzyme are omitted. 

Kidney phosphatases. The administration of sodium chloride as drinking 
water or daily injections of desoxycorticosterone acetate prevented the small 
decrease in the “alkaline” phosphatase of the kidney noted after adrenalectomy. 
The intensive treatment with the adrenal cortical extract produced variable and 
questionable changes. Testosterone propionate, on the other hand, produced a 
very significant increase in the enz 3 mie. The histochemical studies confirmed 
the results obtained with the homogenates. Furthei-more, there were no observ- 
able alterations in the histological distribution of the enzyme as a result of the 
various treatments. 


TABLE 2 


The effect of adrenalectomy, adrenal cortical hormones and testosterone propionate (T.P.) 
plus adrenal cortical extract {A.C.E.) on the phosphatases of the 
liver and kidney 



NO. 

LIVEE 

KIDNEY PHOSPHATASES 

- 

Weight 

“AUcaline” 

phosphatase 

“Acid” 

“Alkaline” 

Water ad libitum 

8 

grams 

4.835 

fier cent* 

-5 

per eoU' 

4-2 

per cent* 

-23 

Desoxycorticosterone acetate 

1 mgm/day 

6 

5.112 

-8 

+2 

4-9 

Is^ormal 

8 

5.078 

-17 

4-15 

-15 

Sham operation 

4 

5.255 

-19 


1 -1 

A.C.E. , 8X5- ml/hr 

13 

5.704 

-t-225 

0 

-f3 

A.C.E. , 8X1 ml /hr 

3 

5.058 

-1-303 


-12 

A.C.E., 8X2 ml/hr 

6 

5.197 

-t-246 

4-2 

-19 

T.P., 2 X 2.5 mgm/day -f A.C.E., 
8X5 ml/hr 

11 

5.484 

4-208 

-2 

4-36 

T.P., 2 X 2.5 mgm/day -f A.C.E., 
8X2 ml/hr 

6 

4.968 

-1-276 

4-2 

4-36 


* Change from average values of 10 control rats: Liver ‘'alkaline” phosphatase, 3.6 
± 0.73 units/gram, ■ kidney “acid” phosphatase, 20.5 ± 2.4 units/grams; “alkaline” phos- 
phatase 221 ± 67 units/grams. 


The small decrease in “acid” phosphatase after adrenalectomy is of question- 
able significance since in the first series of experiments (1) the enzyme was re- 
stored to normal by the adrenal cortical extract but in this series of e.xperiments 
(table 2) it was not influenced by any of the various treatments. 

Discussion. The slight inhibition in the glyconeogenic properties of the 
adrenal cortical extract by testosterone propionate suggests that there may be a 
counterbalancing influence between these two hormones. The failure, however, 
to obtain significant effects indicates that the “S-hormone” when given m a 
sufficiently high dose will overpower the previously established anabohc effect 
of the “N-hormone”. This is not too surprising. It would be of interest to se 
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up a chronic type of experiment in which the adrenal cortical extract was ad- 
ministered at a dose sufficient for maintenance of glyconeogenesis at a normal 
level and then superimpose a potent "N-hormone”. 

The marked increase in “alkaline” phosphatase of the liver by adrenal cortical 
extract indicates that this enzyme is involved in the glyconeogenic effect of the 
Cii adrenal cortical steroids. Although it is impossible noth our present knowl- 
edge of this enzyme to indicate precisely what phase of the process is concerned, 
it is nevertheless well known that carbohydrate metabolism proceeds through 
phosphorjdated intermediates (15) and that high “alkaline” phosphatase activity 
occurs at sites of accelerated protein metabolism, e.g., healing wounds (16), 
'bone (17), in the silk glands of the caterpillar, of the goat-moth and the common 
spider (18) and in the skin of mice undergoing carcinogenesis by applications of 
methylcholanthrene (19). On the other hand the formation of liver glycogen 
from dietary protein or carbohydrate is not accompanied by increases in the 
enzyme comparable to that induced by the adrenal cortical extract (unpublished). 

The presence of similar amounts of glycogen but not “alkaline” phosphatase 
in the livers of adrenalectomized rats receiving the lowest dose of adrenal cortical 
extract and normal rats is due probably to the different metabolic status of these 
animals. The glycogen in the liver of the injected rat was being newly and 
rapidly formed from protein reserves while that of the normal rat was a residuum 
which was in the process of being expended. 

The maintenance of normal “alkaline” and “acid” phosphatases in the liver 
after adrenalectomy is of special interest since the ability to deaminate glutamic 
acid and alanine (20) also is not affected, but oxidative processes (21) as noted by 
O 2 consumption and arginase activity (3, 22, 23) are decreased. 

The failure to observe a marked decrease in the “alkaline” phosphatase of the 
kidney after adrenalectomy is very likely due to the relatively short interval, 
5 days, between operation and determination of enzyme activity for FoUey and 
Greenbaum (22) obtained a great decrease in the activity of this enzyme in the 
kidney of the lactating rat 20 days after operation. Furthermore, there was a 
greater decrease (about 70 per cent) in the rats receiving a high (50 per cent) 
protein diet than (about 40 per cent) in those receiving the stock colony diet 
which contained 20 per cent protein. Similar decreases had been previously 
observed by Kutscher and West (24) in the guinea pig and by Jiminez-Diaz (25) 
in the cat. 

The prevention of the small decrease in the enzyme of the kidney by the 
administration of desoxycorticosterone acetate is in agreement vith the observa- 
tions of Folley and Greenbaum in the lactating rat (22) and Kutscher and Wust 
in the guinea pig (24). It is worthy of note that desoxycorticosterone acetate, 
injected at 3 mgm/day was more effective than adrenal cortical extract, 11- 
dehydrocorticosterone or 11-dehydro-l 7-hydroxy corticosterone in maintaining 
the alkaline phosphatase activity of the kidney of the lactating rat (22). 
It is not surprising, therefore, that the acute treatment with the adrenal cortical 
extract in our experiments did not produce any significant increases in this 
enzjme. On the other hand, the very pronounced ability of testosterone pro- 
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pionate not o^y to maintain but also to increase the enzyme in the kidney of the 
adrenalectomized rat would suggest that this may be one of the functions of the 
androgenic substances produced by the adrenal cortex (26). 

SUMJIAEY 

^ Adrenalectomy slightly increased the ''alkahne”, pH 9.8, phosphatase of the 
liver of young (150 gram) adult male rats. The hourly injection for eight hours 
of adrenal cortical extract (aqueous Upjohn) on the fifth post opei’ative day 
greatly increased this enzyme. The increase occurred at a much faster rate than 
the increase in glj'-cogen. Histochemical studies demonstrated greater amounts 
of the enzjme to be present (produced?) in the cytoplasm, walls and nuclei of 
the liver cells. Previous treatment with testosterone propionate did not alter 
the effect of the adrenal cortical extract on either the amount of glycogen or the 
increase in the enzjme activit 3 ^ Desoxycorticosterone acetate was ineffective. 

Adrenalectom}'’ resulted on the fifth post operative day in a small decrease in 
the “aUcaline” phosphatase of the kidney ivhich was prevented by the adminis- 
tration of 1 per cent sodium chloride as drinking water or by the daily injection 
of 1 mg. of desoxycorticosterone acetate. The hourly administration for 8 hours 
of adrenal cortical extract on the fifth post operative day was ineffective. Tes- 
tosterone propionate, 2X2.5 mgm. day, produced a marked increase in this 
enzyme. 

None of the above treatments produced a significant change in the “acid” 
phosphatase, pH 5.4, of either the liver or the kidney. 
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Becht, working on dogs (1), Leimdorfer on cats (2, 3), and Heller on cats and 
dogs (4), have shown that adrenalin injected intrathecally fails to' raise blood 
pressure, although the same amount injected intravenously into the same animal 
produces a great rise. This has been seen in anesthetized cats and dogs, in de- 
cerebrated cats and, as indicated bjr the present work, in unanesthetized man. 
The blood pressure remains usually 'at the same level for many hours, or falls 
slightly. A significant fall in blood pressure has not been reported except by 
Heller who recorded a terminal fall from 88 to 14 mm. of mercury in a single cat 
following the second of two injections of 0.3 mgm. of adrenalin, the interval be- 
tween injections being 50 minutes (4). In our experience far larger doses have 
not had a similar effect. In dogs, adrenalin given intrathecally produces a fall 
in bodj’’ temperature (5), complete analgesia which may last for two hours (6), 
and sleep for as much as five hours (5). The respiration and reflexes remain 
normal. 

Becht found that adrenalin was still present in the cerebrospinal fluid of the 
dog 5 hours after intracistemal injection (1) and we have obtained the same re- 
sults in the cat. 

The available literature does not report the effect of intracistemal injection of 
adrenalin on the concentration of glucose in the blood. It was found in the pre- 
sent work that an increase in blood glucose concentration occurs, and then each 
of the known pathways whereby the central nenmus system might affect the 
blood glucose level was interrupted surgically. 

Experimental. The investigations were performed on 71 cats, 2 dogs, and 
2 human beings. Blood pressure was determined in cats and dogs anesthetized 
with dial-urethane* by means of a mercurj'^ manometer connected to a cannula in 
the femoral artery, heparin or chlorazol-fast pink being used as anticoagulant. 
In man blood pressure was determined by means of an aneroid manometer and 
auscultation. Electroencephalograms and electrocardiograms Avere recoided 
with a 6-channel Grass-electroencephalograph. 

The animals used in experiments concerned with the blood glucose level were 
anesthetized mainly ivith sodium amytal and a few Avith dial-urethane. Bloo 
glucose Avas determined by colorimetric measurement of ferricyanide reduction 
using tungstic acid filtrates (7). Commercial preparations of adrenalin, aa ic 
contain bisulfite and fresh solutions of adrenalin in dilute hydrochloiic aci AAcre 
used. 

' Aided by grants from the Rockefeller Eoundation and the Josiah Macy, Jr. Foundat" 

^ We are indebted to Ciba for the Dial. 
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Injections into the cisterna magna were made after withdrawal of a volume of 
cisternal fluid equal to the volume of fluid to be injected. When blood was found 
in the cisternal fluid the experiments were discontinued. Animals in which the 
cervical cord had been sectioned below the emergence of the phrenic nerve or in 
which the hypophysis had been removed or its stalk cut were not used until 
enough time had elapsed for the sealing of the subarachnoid space. Adrenal- 
ectomized and vagotomized preparations ivere used at once or within a day. 
Injections of adrenalin by other routes were frequently made for comparison. 
Cisternal fluid ivithdranm at various times after intracistemal injection of ad- 
renaUn was tested for pressor- or glucose-raising action by intravenous injection 
of fluid into the same or another animal. 



MINUTES 

Fig. 1. Blood sugar (in mgm. per cent) after injection of 60 micrograins of adrenalin per 
kgin. body weight by different routes of administration at 0 time. Fasting cats. Sdoium 
amytal anesthesia. 

The lowest curve after intra-articular injection into the knee-joint of the hind limb. 

Curve .~f~. after intraperitoneal injection. 

Curve after intracistemal injection. 

The uppermost curve after intravenous injection. 

Results. The principal finding was that injection of adrenalin into the cis- 
tema magna was followed by a prompt, marked and sustained rise in blood glu- 
cose. Figure 1 shows (in the cat under sodium amytal) there tvas a rapid rise 
beginning 2 minutes after intracistemal injection, the concentration in blood 
glucose increased at a slower rate during the next several hours, as indicated in 
figure 1 and figure 2 A. 

The increase and duration of an elevated level of blood glucose depended dir- 
ectly upon the dose of adrenalin. In the cat the threshold for a rise in blood 
glucose was 5 micrograms per kgm. This dose gave a rise of about 30 mgm. 
per cent at one hour after which there was a slow decline during approximately 
six hours. Figure 2 B illustrates that with large doses the increase in blood glu- 
cose could be maintained for more than 18 hours. This suggests that the ad- 
renalin in the subarachnoidal space disappears slowdy. 
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• A' amytal anesthesia. Blood sugar after intracisternal 

injection of 0.5 ml. of physiological saline and of different amounts of adrenalin. 

B. Fasting cats without anesthesia. Otherwise same as 2A. 
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MINUTES 


Fig. 3. Blood sugar (in ingm. per cent) after intravenous injection of cisternal fluid at 
0 time under varying conditions. Fasting cats. Sodium amytal anesthesia. 

Curve after intravenous injection of 0.5 ml. of cisternal fluid which had been 

withdrawn from a second cat (5 hrs. after intracisternal injection of 0 mgni. of adrenalin). 

Curve after intravenous injection of 0.5 ml. of cisternal fluid withdrawn from 

a second cat (16 hrs. after intracisternal injection of 0.5 mgm. of adrenalin). 

Curve after intravenous injection of 0.5 ml. of cisternal fluid withdrawn from a _ 

second cat which had not received adrenalin. 


In agi-eement with that assumption is the following: 1 ml. of spinal fluid, 
withdrawn 16 hours after intracisternal injection of 0.25 mgm. adrenal in per kgm. 
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-when injected intravenously into a second cat caused a rise of 70 mgm. .per. cent 
glucose concentration (fig. 3). On the other hand 0.25 mgm. of adrenalin per 
kgm. injected intravenously could not be detected by the biological assaj’- of 
cisternal fluid ndthdrami one-quarter hour after this injection. ■ 

lldien dial was used as an anesthetic the frequently, high and variable blood 
glucose levels tended to obscure the effect of adrenalin. However, when the pre- 
injection glucose level was relatively low the hyperglycemic effect was like that 
under amytal. 

Intracisternal injection of 0.5 ml. of phj’^siological saline provoked no rise in 
blood glucose in cats under anesthesia, only intracisternal saline (0.5 ml.) in 
cats -^vithout anesthesia was followed bj”- a rise lasting one hour and vaiying in 
degree with excitement and struggling at the time of injection. 

In contrast, the rise in blood glucose after intravenous injection of adrenalin 
was prompt, rapid and high, ljut not sustained. After intravenous injection of 
50 micrograms per kgm., the concentration of blood glucose reached a peak of 
220 mgm. per cent in 10 minutes and then fell steadily, reaching the level of 138 
mgm. per cent in 60 minutes and the pre-in jectionlevel in approximately ' 90 
minutes. Figm-e 1 also shows the slow, small rise obtained by a like dose given 
intraperitoneally and the flat curve following an equal injection into the .intra- 
articular cavity of the knee. 

Further, 5 micrograms of adrenalin per kgm. intraperitoneally, intramuscularly 
or subcutaneously gave no rise in blood glucose and the same amount intrave- 
nously provoked a rise in blood glucose of about 90 mgm. per cent, but the blood 
glucose concentration returned to normal within one hour or two. 

The incidental findings extend the range of dose of intracisternal adrenalin 
which had no effect on blood pressure to 5 mgm. per kgm. Further, large doses 
(0.5 mgm.-l.O mgm. per kgm.) intracisternally in non-narcotized cats gave a 
transitory picture of -wide, uncertain gait, momentary excitement and subsequent 
drowsiness lasting up to 18 hours. Another observation in these cats was that 
after intracisternal adrenalin their pupils were moderately dilated but constricted 
to light. Moreover, intracisternal adrenalin doubled the rate of respiration and 
increased its depth when the rate of respiration was low after transection of the- 
mid-thoracic region of the spinal cord in the cat. 

Intracisternal injection of 2 mgm. of adrenalin into a non-narcotized patient 
of 60 kgm. body weight induced a rise in blood glucose (from 112 mgm. per cent 
to 212 mgm.). The blood glucose concentration was elevated for more than 3 
hours, but no rise in blood pressure or heart rate occurred. About 1 hour after 
the injection drowsiness, a little later normal sleep (confirmed by E.E.G. recoils) 
was observed in this patient. ' , , 

It should be noted that in cats intracisternal injection did not produce an}’- 
change in the electroencephalogram, electrocardiogram or heart rate. Intrave- 
nous injection of adrenalin or of cisternal fluid nithdrawn several hours after intra- 
cisternal injection of adrenalin produced occasional irregular spike-like potentials 
chiefly m parietal and occipital regions, small, fast, electrical activity of the 
cortex, and also extras 3 ’-stoles, increased heart rate and blood pressure and some- 
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tmes a brief arrest of respiration during the rise in blood pressure. All of these 
effects are indicated in figures 4, 5 and 6. 

Finally, no one of the operations listed below had any detectable effect on the 
yperglycemic response which followed intracisternal injection of adrenalin 
Each lesion was checked by autopsy: 1, almost complete hypophysectomies’ 



t ’ :T’ i tT'} ■ t -I ■ I ■ I ' I'i'i "I 'I' I 

4A 4B , 4C 

Fig. 4. Cat. Dial anesthesia. Upper tracing— respiration, lower tracing— blood pres- 
sure. Scale represents 5 seconds per interval. 

A, at a intracisternal injection of0.24mgni.of adrenalin. At h intracisternal injection of 
0.24 mgm. of adrenalin. 

B, at a 0.5 ml. CSF withdrawn 15 minutes after intracisternal injection of 0.48 mgm. 
of adrenalin. At b intravenous injection of a CSF into the same animal; rise in blood 
pressure from 78 mm. Hg to 197 mm. Hg. 

C, at a same as B (above). CSF removed 30 minutes after intracisternal injection of 
0.48 mgm. of adrenalin. At b intravenous injection of CSF a into the same animal; rise 
of blood pressure from 74 mm. Hg to 148 mm. Hg. 




4 - 








5A 5B 6 

Fig. 5. Cat (same animal as fig. 4). Upper record electroencephalogram, lower record 
electrocardiogram. 

A, after intracisternal injection of 0.48 mgm. of adrenalin. 

B, after intravenous injection of 0.5 ml. of cisternal fluid from cat A. 

Fig. 6. Cat. Dial anesthesia. Electrocardiogram (topmost record) and electro- 
encephalogram — biparietal and bioccipital (two lower records) one minute after intra- 
venous injection of 0.25'mgm. of adrenalin. Heart rate 48 per minute. Note the diphasic 
spike at the left of the figure in both electroencephalographic records. 


the stalk being ablated in five cats; 2, section of the hypophyseal stalk in two cats 
and one dog; 3, section of the vagi at the level of the carotid sinus in one cat, 
4, section of the spinal cord at C 7 in two cats; 5, ablation of the celiac gang ion 
in one cat; 6, adrenalectomy in two cats; 7, tying off the con^on carotid ar cr- 
ies in one cat; 8, combined hypophysectomy and vagotomy in one cat; 9, com- 
bined complete section of the spinal cord at C 7 and vagotomy in one cat. 

Discussion. If adrenalin passed slowly from the subarachnoid space in o 
the circulation, a small rise in blood pressure would be expected from ten mgs 
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of Kretschmer (8) . He demonstrated in rabbits that a continuous intravenous 
infusion of ver}'^ dilute solutions of adrenalin increased the blood pressure up to 
some maximum which was then maintained. Moreover, A. E. Koehler et al. re- 
ported in 1937 (9) that a 1:50,000 solution of adrenalin injected intravenously 
in man at 2 mgm. per hour had a similar effect. However, the fact that no rise 
in blood pressure occurs after intracisternal adrenalin and the observation that 
cerebrospinal fluid withdraum several hours afteb intracisternal injection con- 
tains adrenalin indicate that adrenalin does not pass from cerebrospinal fluid to 
blood. Also, adrenalin injected intravenously fails to appear in the cisternal 
fluid. Thus, adrenalin does not appear to cross the barrier between blood and 
cerebrospinal fluid in either direction. 

Fog (10), Forbes and co-workers (11) have shoum that direct application of 
adrenalin to the pia produces no constriction of the arterioles and only slight 
constriction of the large arteries; thus the impermeability can not be attributed 
to vasoconstriction. 

Since the blood sugar rise is rapid and high after intracisternal adrenalin, slow 
and little after intraperitoneal injection and not at all following intra-articular 
injection and since the blood pressure does not rise after intracisternal injection, 
intracisternal adrenalin appears to raise blood sugar by acting directlj'- on struc- 
tures bathed by cerebrospinal fluid. 

There is other evidence of the participation of the central nervous system in 
the effect of adrenalin on the concentration of blood glucose. Aschner (12) 
showed that hypophysectomized dogs responded to subcutaneous adrenalin -with 
less glycosuria than control dogs. Later De Bodo and his associates (13) found 
that hypophysectomy minimizes or eliminates the hyperglycemic response to 
intravenous adrenalin. Winternitz and his co-workers (14) reported in 1944 
that in dogs ligation of the carotid sinuses or the vertebral arteries abolishes or 
minimizes the hyperglycemic response to intravenous adrenalin even when there 
is adequate liver glycogen. In consequence of these findings, they suggested 
that the decreased hyperglycemic response to adrenalin follondng hypophysec- 
tomy may be due to injury to neural structures surrounding the hypophysis, 
particularly those that seem to bear some connection with the carotid sinuses 
and vertebral arteries. 

The analgesic effect of intracarotid and intravenous injection of adrenalin in 
dogs and of subcutaneous injection in man demonstrated by Ivy and co-workers 
(15) suggests a direct action of adrenalin upon pain-perceiving centers; so also 
does Weber’s observation (16) that adrenalin injected into the carotid arteries of 
cats produced analgesia lasting an hour or more. Still more to the point is the 
finding by Buscaino and Pero (6) that complete analgesia, lasting 1 to 2 hours, 
could be produced in dogs by subarachnoid injection of 0.1 mgm. of adrenalin! 

Finally, central action of adrenalin is indicated by sleep induced by subdural 
and intracerebral injection of adrenalin in dogs reported by Bass (5), drowsiness 
in cats and sleep in man observed by us. This effect may explain why spinal 
anesthesia wdth procaine is greatly prolonged by addition of small amounts of 
adrenalin (17, 18). 
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In connection with the present observations it is of interest to note that Ken- 
nard and co-workers (19) found that the blood sugar level in cats is increased for 
more than 5 hours following frontal lobotomy, but there is no rise in blood 
pressure. 

It seems reasonable to conclude that adrenalin injected intrathecally has 
several effects due to action on central nervous structures and that among these 
is the ensuing increase of sugar in the blood. We are still ignorant of the means 
by which this central action effects the increase of sugar in the blood. From 
our own experiments we can only conclude that destructions of vagal, spinal 
including sympathetic, and hypophj'-seal paths, singly and in pairs were insuffi- 
cient to prevent or diminish the response. 

The present inability to find efferent pathways by way of which the central 
action of adrenalin causes hyperglycemia is paralleled by unsuccessful attempts 
to define pathways through which piqure exerts its effect on blood glucose (20). 
Since in our experiments the hypophysectomies were not technicallj'- perfect, 
it is still possible that the central hyperglycemic effect of adrenalin was mediated 
through the remnants of the pituitary. Further work on this point is in progress. 

It is conceivable that intracisternal adrenalin exerts its hyperglycemic effect 
indirectly by way of the circulation: e.g., adrenalin might induce formation of a 
hyperglycemic factor or might be converted into a hyperglycemic agent which 
has no pressor properties. 


SUMMARY 

The barrier between blood and cerebrospinal fluid has been found to be prac- 
tically impermeable to adrenalin. Adrenalin injected into the subarachnoid 
space, although it fails to affect blood pressure or electrocardiogram, causes a 
rapid, high and sustained rise in the concentration of the glucose in blood. 

This, like the brief effect on respiration reported here, and the analgesic and 
soporific effects noted by others, are due to its action on central structures bathed 
by the cerebrospinal fluid. The site of action and the efferent paths are undis- 
covered in spite of lesions made to prevent participation of the autonomic nervous 
system and the hypophysis. 
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An anatomical investigation in progress (1) dealing with the statics of the 
mist joint brings up problems that cannot be solved by strictly anatomical 
or mechanical methods of analysis. When one holds the mist horizontally 
by voluntai’y muscular action, how do the fifteen muscles traversing the wrist 
joint share in resisting gravity? Our experience here leads us to believe that 
an approach to a solution of this type of problem may be made through ap- 
propriate action potential experiments. 

In maintaining a steady posture b}’' isometric muscular activity, the tension 
developed in muscles is so adjusted that it nicely balances the load of the hand 
plus that of objects supported. Torques or moments of force are involved. 
For static support, i.e., no movement, a torque due to the action of muscles 
equals the gravity torque. The latter is the product of “weight of the hand 
(plus objects)” multiplied by the “lever arm” from mist pivot to the center 
of gravity of the mass supported. The torque of the antigravity muscles 
(those muscles above the horizontal level of the wrist pivot) is the product of 
“muscle tension” times the average “lever arm”. Individual lever arms of 
the various muscles may be represented by’ the perpendicular distance from the 
tendons to the center of the wrist pivot (ef. cadaver hands). If one considers 
the average of the sines of the pertinent muscle lever arms, he may compute a 
theoretical value for the total effective muscle tension required to balance a 
given gravity torque. Such a computation, however, gives no information 
as to individual muscle function. Furthermore, it ignores antagonistic mus- 
cular activity and the forces that stabilize against lateral deviation. 

Unanswered questions, which have counterparts at other joints as .well sug- 
gest themselves: Is the theoretical value a fair approximation for the pattern 
of actual activity? Are all muscles above the wrist pivot tensed to the same 
degree? Does the muscle with the best leverage tense more or less than others? 
To what degree are antagonistic muscles active? Do “wrist” and “finger” 
muscles act differently? Rotation of the forearm about its long axis brings 
different combinations of muscles above the level of the vi’ist pivot; are there 
differences in activity pattern between one muscle combination and another? 

The literature on electromyograph}'' in relation to human voluntary actions 
shows close correlations between action potentials and muscle function. Po- 
tentials have been studied recently in normal muscles (2-4) and in those affected 
b}’’- disease and denervation (4—6). Either intramuscular needle electrodes or 
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surface electrodes— or both— have been used. In general, problems of move- 
ment — isotonic rather than isometric activity — and the timing of ■ muscle par- 
ticipation in gross activity patterns (7-9) have received most attention. Quan- 
titative correlations betvi’'een potentials and muscle tensions in isometric 
activity, however, have not been entirely ignored (3, 10, 11). 

We have limited our attention here to a study of the static or isometric aspects 
of muscle function and have attempted to treat both potentials and torques in 
a quantitative way. We have worked with ten regions of the forearm muscle 
mass using surface electrodes over specific muscles. INIuscles were carefully 
identified, and their motor points were stimulated and located as exactly as 
possible. The electrodes ivere placed over the muscle with the proximal elec- 
trode at the motor point. This procedure allows a fairly 'precise localization 
of leads and we believe it gives an approach to the activity of the individual 
muscles. Our data on muscle action potentials do not seem to be unduly con- 
founded by extraneous action currents. 

This report deals ndth two experiments. The first correlates action potentials 
irfth muscle tensions as different’ knonm magnitudes of gravity torque are 
resisted. The second is a determination of the share of specific regions of the 
muscle mass in the voluntary act of holding a steady posture against a given 
gravitational force acting from one direction or another. 

Procedure. Action potentials obtained from the skin surface overlying 
specified muscles were amplified by an alternating current, condenser-coupled 
amplifier and recorded with a General Electric oscillograph. The gain of the 
amplifier was constant in the range of 60 to 200 cycles and decreased 16 per 
cent at 20 cycles. The output wave form was satisfactorj’’ from 20 to 200 
cycles. 

The electrodes consisted of two 3/16 inch brass rods to which were soldered 
silver contact points of the same diameter. The contact surfaces were coated 
in vacuo with a one micron thickness of silver chloride. The electrodes were 
mounted in a bakelite holder and were adjusted to a spread of 5.5 cm. — about 
the average length of a forearm muscle fasciculus (12). 

Ten of the fifteen muscles traversing the wrist joint ivere studied.^ Motor 
points of each of these muscles ivere determined and marked on the skin prior 
to each period of recording. The forearm ivas placed in a ivooden ci-adle that 
did not permit pronation and supination of the forearm nor elbow movements. 
The elbow ivas bent at a right angle and the forearm was held midway between 
full pronation and full supination. One electrode ivas placed over the motor 
point of a specific muscle with the other electrode lying distally over the muscle. 
The bakelite holder was strapped wdth adhesive tape and moist AgCl was 
placed between the electrodes and the skin. The electrodes, then, were sealed’ 
to the skin wdth celloidin. Stronger action currents w^ere obtained in test 

' Some muscles were not studied because they were covered by overlying muscles and 
because motor points could not be determined consistently; these were: Flexor pollicis 
longus, Abductor pollicis longus, Extensor pollicis brems, Extensor pollicis lonms and 
Extensor indicis proprius. “ 
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records when one electrode overlay a motor point than when the electrodes 

spanned a motor point or when both electrodes ivei-e proximal or distal to the 
motor point. 

One of us (W .T.D.) served as subject. Sample records that were comparable 
were made also on six other subjects as a check. The volume of the hand beyond 
the A\Tist pivot (425 cem.) was determined by water displacement; ignoring the 
density error, we used 425 grams in calculations of torque. The lever arm of the 
hand, from the wrist pivot to the center of gravity, was estimated at 7.5 cm. 

(A standard giip posture was used throughout the study; the locus of the center 
of gravity was determined from cadaver hands fixed in the standard position; 
the wrist pivot was located by x-ra 3 fs of the living wrist; comparable surface . 
landmarks were used in determining the lever arm.) From the hand mass and 
the lever arm, the gra^dt}’’ torque of the hand Avas computed as 3.188 kgm.cm. 
Weights and a fitted hand grip with an ex-tended lever arm were designed to 
provide torques that were multiples of the hand torque. These were expressed 
as 2X, 4X, 8X, 16 X, 32 X, and 64 X the hand torque. The latter two were 
the largest torques that could be lifted b 3 ’' the extensor and flexor muscles re- 
spectively. 

The axis of the forearm and hand was held horizontal as weights were sup- 
ported and records were made. In the first experiment, the magnitude of torque 
supported by muscular action served as the imposed variable. This factor 
varied from zero, when the hand la 3 ’' on a supporting surface, through IX, 

2 X , and so on to 32 X or 64 X . Records were made from regions overlying each 
of the ten muscles studied; the forearm and cradle were rotated for each muscle 
till the muscle and its tendon were functionalb’^ oriented directl 3 '- above the 
wrist pivot. In this position, motor point stimulation causes a direct vertical 
lifting of the hand. 

In the second e.xperiment, records were made of each of the ten muscles and a 
16 X torque was used as a standard load. The forearm and cradle were rotated 
into twelve positions 30° apart; in this way, the experimental variable was the 
differing direction of action of the gravity force in relation to the direction of 
direct muscle pull. Actually a pulley mechanism^ was used to reverse the 
direction of the gravit 3 ’' force in those positions which otheradse caused strain 
and contorted body postures. Comfortable bod 3 '' postures, short periods of 
weight holding (5-6 sec.) and short rest intervals were used to obvrate fatigue 


effects. , , ,. 

Results, a. Response to various loads. Figure 1 shows a representative 

record from the first experiment; it refers to the Exdensor carpi ulnans muscle 
region. At A the weight of the hand rests on a supporting surface and the 
muscle supports no load; at B, the hand torque is supported by muscle tension; 
at C-G, multiples of the hand torque from 2X to 32X are supported by mus- 
cular action. Patently, the records show an increased amplitude of potential 
with each increment in torque. A decrease m frequency is less 

ent. This showed in all the records. The magnitude of potentials, houe^^^^^ 

varied somewhat from muscle to muscle. The magmtude differed also fr m 



ACTIVITY OP "VSTIIST MUSCLES 


599 


person to person in the supplementary data on six individuals; potentials were 

less marked in the persons of stronger build. ^ -n ^i i n/ 

Our frequency data fall in the range of 35 to 65 per second, ^^r the X 
load frequencies lie between 50 and 65, and as the load increases to 32X, or 
64x’ the frequency falls gradually by ten to fifteen counts. The lower fre- 
quencies associated with the larger loads are correlated also with higher ampli- 
tudes of potential. The various muscles showed no consistent order as to 



CRAVllY TOflOUt 

Fig. 1 Fig. 2 

Fig. 1. Strips from a representative record of muscle potentials (electrodes over E.v- 
tensor carpi ulnaris muscle) showing increased amplitude correlated with higher degrees 
of muscle tension. Tlie forearm was oriented so that the muscle lifted weights directlj' 
upward. Distance between horizontal lines is the measure of amplitude. A resting po- 
tential ; B potential elicited in supporting a lx torque (the empty hand) ; C Z’ecord for a 2.\' 
torque; D-G records involving gravity torques of 4x, 8s, 16x and 32x. 

Fig. 2. Muscle potentials (x lever arms) are plotted against loading. Each curve refers 
to a different forearm muscle below the electrodes. Each muscle supported loads in the 
direction of its greatest mechanical advantage. Labels are the initial letters of the BNA 
names for the muscles. If hand and muscle lever arms are assumed to have unit values, 
the same shaped curve for each muscle represents the relation: potential to weight lifted. 


frequenej^ for the various loads, though the five extensors t 3 ^picall 3 ’' (in 88 per 
cent of the data) showed higher frequencies for a given load than the five flexor 
muscles. The extensor muscles also showed higher potentials, for a given 
amount of loading, than the flexor muscles did. 

Since frequency changes are not as striking in the records as amplitude, the 
latter factor will henceforth receive prime attention. Our measure of potential 
is shon-n in figure 1 as the distance between the horizontal lines on each of the 
record strips. It was determined b 3 ’' a statistical treatment of measurements 
of the distances between the successive peaks and a baseline; these data were 
used directly and in practice the voltage calibration shonn in the figure was 
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not used. Our potential value was the sum of the Mowing factors: a, the 
difference between the average of the upper peaks and the average of the lower 
peaks (minus the beam uddth), plus b, 3 standard deviations (sigma) of the 
upper peaks, plus c, 3 sigmas for the lower peaks. This measure of range 
should include 99.7 per cent of all the peaks for this type of data. 

_ Frequency and voltage are used here in a purely empirical way to bring out 
differences in the electrical record which correlate udth varying degrees of load- 
ing of the hand. No attempt is made to interpret physiologically the apparent 
piling up of the oscillographic tracing for the heavier loads. 

In figure 2, potentials (times the lever arms of the pertinent muscles) are 
plotted on log-log co-ordinates against the torques that are supported by mus- 
cular action. (The muscle lever arms, here, are mere proportionality factors 
which vertically raise or lower the curves relative to one another vdthout chang- 
ing their individual foi’m; their use, however, harmonizes vdth a basic treat- 
ment consistent vdth torques.) If the gravity and muscle lever arms are re- 
garded for the moment as unit values, each curve suggests the relation between 
muscle potential and the weights supported. Though the potential values for 
a given load differ from muscle to muscle, the curves are in general similar; 
that is, in the log-log plotting used, the curves have a somewhat similar contour 
and they are more or less parallel to one another. They show a definite correla- 
tion between increments of potential and increments of torque though it is not 
quite a straight line relationship. Avei’aged curves for the flexors and for the 
extensors show a smooth curved contour slightly concave to the left. The 
averaged extensor curve is slightly straighter than that for the flexors. For 
each muscle, potential increases with each increment in the gravity torque 
supported (cf. fig. 1), 

Extensor muscles show consistently higher potentials for a given load than 
flexors. In general, extensors resisting a 32X torque produce potentials as 
large as flexors resisting a 64X torque. Except for the lowest torques (IX 
and 2X), extensor potentials ai’e matched somewhat closely by flexor potentials 
produced at twice the extensor torque values. This observation is correlated 
with the facts that the flexor mass is roughly twice as great as the extensor 
mass and that maximum flexor strength is about twice the extensor strength 

also. _ -11 

Since, as stated in our introductory paragraphs, the gravity torque is bal- 
anced exactly by a torque due to tension in the muscle mass acting ovei its 
lever arms, it follows that the abscissa in figure 2 can be visualized in terms of 
relative muscle torque as well as for gravity torque. In this sense each curve 
represents a correlation between the potentials recorded from regions oyer 
specific muscles (times the muscle lever arm) and the muscle torques which 
just support specific amounts of loading. This correlation will have significance 
later, since it will permit a calibration of experimentally varied potentials from 
the region of specific muscles in terms of either torques or relative tensions. 

b. Response to differing directions of action of a gravity torque. When the 
forearm and supporting cradle are rotated through twelve stations, 30 apai , 
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the standard 16 X torque is directly supported by one combination, then an- 
other, of the wTist supporting muscles. In the first position, a selected muscle 
is a direct supporter; in the second position its direction of pull becomes oblique 
to the axis of direct support; in subsequent positions its action is directed later- 
ally, then dovmward and finally it acts through angles of 180° to 360° till it 
again approaches a position of direct support. Records were made at each of 
the stations; in this way action potentials that were correlated ndth agonist, 
antagonist, oblique and lateral pulls of the muscle mass were obtained. 

Figure 3 shows these data plotted on polar co-ordinates for a representative 
vTist muscle. Shading differentiates the agonist (larger area) and antagonist 
(smaller area) quadrants from the vdiite lateral stabilizing quadrants. In the 
direction of the arrow the muscle pulls the 16 X load directly against gravity; 
the potential in this direction is maximum. When other muscles take over the 
direct supporting function and this muscle pulls obliquely the potentials are 
definitely less. There is a further decrease in potentials as the direction of pull 
becomes horizontal, that is, at a right angle to the dovmward direction of grav- 
itsq potentials in the antagonist quadrant are about a third of the maximum 
potential for supporting the load. 

Since the only experimental variable here is the changing direction of muscle 
pull in relation to the direction of action of the gravitational force, the varia- 
tions in potential in such a graph must indicate differing degrees of muscular 
activity. A correlation between potentials recorded over specific muscles and 
the gravity torques resisted by muscle action has been shorni. Furtheimore it 
has been indicated that the potentials are correlated also with the muscle torque 
due to the muscle mass which is mechanically so placed as to resist gravity. 
A calibration of data such as those of the polar graph may be made directly 
from the curves of figure 2 or smoothed average cur\'-es for the extensor muscles 
and for the flexors may be used. Results by either method permit the same 
conclusions but the latter method was arbitrarily adopted here. 

The smoothed curves, on transparent film, were adjusted over a large log-log 
graph with the 16 X position on a curve superimposed on the potential value 
that was obtained for the direction of direct muscle pull in the second experi- 
ment. The equivalent torque values were then read off the graph for each of 
the potentials obtained in the various angular positions. Figure 3 is not greatly 
changed in form when equivalent torques are substituted for potentials. 

Figure 4 shows data from regions overlying six other muscles treated in this 
way. All of the graphs have the same orientation in relation to the vYist, the 
three upper graphs -with arrows indicating the direction of direct muscle pull 
deal with extensor muscles, the three lower figures refer to flexors and the arrows 
are directed oppositely. The concentric circles or parts of circles represent a 
calibration in terms of torque: 16X, outer; 8X, middle; and 4X, inner. The 
agonist, antagonist, and lateral stabilizing quadrants are outlined by the white 
lines. 

The most common pattern encountered in our data is shown by the Extensor- 
digiti-5 graph at the upper left. Torque is maximiun in the direction of direct 
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muscle pull. It decreases in each direction through the agonist and lateral 
stabilizing quadrants. In the lateral stabilizing position (90° from the mid- 
agonist direction) the torque value is about half maximum. In the direct 
antagonist position activity is about one-fourth maximum. Data not shoum 
here but relating to the Palmaris longus, Extensor carpi ulnaris and Extensor 
carpi radialis brevis muscles show this pattern also. Though the other graphs 
shown in figure 4 deviate in certain ways, the type pattern is shoira also on the 
left side of the upper middle figure, on the right side of the upper right figure and 
on the right side of the middle lower figure. In the ten muscles studied, twelve 
lateral halves of the graphs show a similar pattern; we regard these .as typical. 
The other eight halves are all shown in figure 4. These deviations in pattern, 
it is believed, can be accounted for, as described below. 

It should be understood that we are without information as to what part of 
the muscle mass below the electrodes is recorded in our data. It may be as- 
sumed as a first appro.ximation that the muscle directly below the electrodes 
contributes significantly to the electrical record. The data, then, may be 
examined critically for corroborating or contradictory evidence. 

The axis of the egg-shaped form of the more typical polar graphs (fig. 4, 
upper left; cf. fig. 3) slants in the direction of direct muscle pull for the muscle 
that dies below the electrodes. In the other graphs of figure 4, the maximum 
torque has an angular spread on each side of the direction of pull by the muscle 
under consideration. An axis, however, through the middle of the agonist 
and antagonist quadrants, that is, along the direction of pull, roughly divides 
the graph into sjunmetrical halves. These observations are compatible with 
the assumption that the muscle below the electrodes affects the graph very 
significantly. 

In figure 4, the graph for the Extensor digitorum communis muscle (upper 
middle) shows a spur toward the right that is greater than the 16X torque; 
this supra-maximal torque must be regarded as an artifact due to adventitious 
electrical influences from the adjacent Extensor carpi radialis muscles. These 

Fig. 3. A polar co-ordinate graph showing the relative magnitudes of potentials (Pal- 
niaris longus muscle region; 16x torque supported) as the forearm is rotated through 360 . 
The direction of greatest mechanical advantage is upward, 0°; the larger gray area repre- 
sents the agonist quadrant. The smaller area is the region of antagonist potential vectors, 
White (lateral stabilizing action) quadrants show decreasing potentials as muscle action 
changes from agonist to antagonist. 

Fig. 4. Derivative curves of muscle torque showing the degree of activity in various 
directions of muscle pull in relation to the magnitude in the direction of best mechanica 
advantage (the arrows) . Data on six muscles are shown . The-arrqws in sketch A show t le 
orientation of direct muscle pull for ten muscles including these six. Agonist, antagonis 
and lateral stabilizing quadrants are separated by white lines. 

Fig. 5. A generalized curve (A) showing the relative activity of a typical forearm rnusc e 
(?) in the different quadrants as the forearm was rotated through 360° and a given load was 
supported. The arrow represents the direction of straight muscle pull. The three con- 
centric circles (from large to small) represent maximum, half maximurn and quarter maxi- 
mum torque values. The white annulus includes torque vectors falling^ within ± l<r o 
the average curve A. Curve A is an average based on selected “typical” muscles. 
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latter muscles, m all om- records responded with a higher potential to a given 
torque than the other extensors. A graph of the Flexor carpi ulnaris muscle 
(not shoum) is distorted in certain directions by the clearly recognizable in- 
fluence of the immediately underlying Flexor digitorum profundus muscle, 
bupramaximal spiu-s and asjmimetries can probably be accounted for in this 
manner (cf. Flex. dig. subl). These effects are on the whole localized or minor. 
Certain asymmetries may be due to random influences (Flex, carpi rad.) and if 
recordings had been made at finer inteiwals than 30° they could be better under- 
stood. 

The Flexor digitorum profundus (lower right graph) is unique and is of special 
interest. Electrodes were placed over the region of the muscle that flexed the 
fourth and fifth fingers. In the direction of the arrow, the muscle acted as a 
wrist supporter; wh'en the forearm was rotated 180°, the 16 X load bore on the 
fingers. The high torque in this direction and in the whole arc to the left (ulnar 
side) was due to strong flexion of fingers 4 and 5, while the muscle was otherwise 
a wrist antagonist or stabilizer. 

The greater than usual antagonist torque of the Flexor digitoium sublimus 
is doubtless due also to finger flexion when the muscle was otherwise an antag- 
onist; in this instance the electrodes' overlay the muscle slip to the median finger 
— ^the proximal finger joints were not called into as vigorous action as the series 
of joints that are moved by the Flexor digitorum profundus. 

From a check on the deviating patterns in relation to the more typical, we 
feel that the electrical record relates primarily to the muscle belo-vv the elec- 
trodes, but that there are slight influences due to the electrical state of adjacent 
muscles. The deviations of the finger flexors are additional evidences that the 
electrical record is primarily due to a specific muscle. 

Discussion. The electrical activity that is recorded in our electromyqgrams 
from regions of the forearm clearly correlates with muscle tensions. As larger 
loads are supported, muscle tensions must be increased proportionately; leads 
o'ver individual muscles transmit currents that can be correlated with these 
factors. Our method of tapping one region, then another, of the forearm muscle 
mass does not justify direct comparison of potentials from the various regions 
in terms of muscle forces since local conditions vary (i.e., fascial padding, pos- 
sible electrical variations betw^een muscles, etc.). Methods of simultaneous 
recording, if equipment had been available, might have given data suitable for 
this. We believe that there is reasonable evidence, apart from minor adventi- 
tious influences from adjacent muscles, to assume that the electrical recoids 
relate primarily to the muscle adjacent to the electrodes. Multiple recordings 
and methods using needle electrodes would be a desirable supplement. 

By equating the potentials recorded from specific regions with the gravity 
torques (= muscle torques) due to loads supported, it is then possible to com- 
pare the activitj^ of one muscle region with another. A number of the foreaim 
muscles show a pattern that has common characteristics: agonist activity m 
the direction of straight muscle pull is maximvmi; strength decreases as t e 
agonist function changes towmrd lateral stabilization; muscle action then further 
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decreases to -a fraction of maximum as tlie muscle assumes an antagonist role. 
When the patterns are oriented so that the direction of muscle puU coincides in 
all, an average pattern of activity emerges (fig. 5). Line A in the figure repre- 
sents the average pattern when peculiarities in certain records due to finger 
action and adventitious effects (discussed above) were discarded; right and 
left sides were summated and the curve was drawn symmetrically. The white 
on each side of A represents the standard deviation. When the suspect data 
are included, the circle of dots represents the average pattern. 

The agonist torque, w^hich in our data has a maximum value when a load 
16X the hand torque is supported, decreases gi-adually to about 8X as muscle 
function changes from agonist to lateral stabilizer; the torque further decreases 
to 4X (or 5X) when the muscle acts as an antagonist. 

Figure 5 relating to the activitj’- of tjqiical muscles in the voluntary act of 
supporting loads, with the wrist held in a steady posture, may be interpreted 
thus: a muscle, in a position of maximum mechanical advantage, contracts 
more strongly than it would if it acts obliquely to the disturbing force. Further- 
more, it is apparent that lower but appreciable Joint stabilizing forces are ex- 
erted by muscles when they are not directly supporting loads. This activity, 
but to a relatively low degiue, however, is manifest in the antagonist quadrant. 
Possibly at Joints where ligaments (collaterals) bear the brunt of stabilizing 
activity, such stabilizing effects of muscles might be negligible. Load sup- 
porting muscles must simultaneously support the load and counteract the 
forces of antagonists. 

The implications of this type of study are broader than the specific emphasis 
discussed. If the typical wrist moving muscles respond in patterns such as 
outlined here, the control of a whole group of such muscles must be modulated 
by stereotyped reflex mechanisms, possibly at cord levels. It follows, then, 
that proprioceptive stimuli from these muscles in varjdng degrees of isometric 
contraction, must be summated in patterns that are equivalent to the tension 
patterns which exist. Stimuli should vary as one combination of muscles or 
another takes over the agonist function but a pattern of a set type should per- 
sist. Some kind of stereotyped association pattern likeudse must be assumed 
to exist in neural centers and to mediate patterns of stimuli and patterns of 
response that are involved in this simple type of isometric reflex. 

SUMMARY 

1. Electromyograms from each of ten regions of the forearm muscle mass 
were made with surface electrodes while the hand, held stable and horizontal, 
supported Ivnonm loads. 

2. Potentials from each of the ten regions reflected more or less closely the 
activity of specific forearm muscles underlying the electrodes. 

3. A statistical measure of range applied to records of potentials showed 
increasing values udth increased loading of the hand; the latter factor was 
expressed as multiples of the hand torque. 

4. Since loads were counterpoised by a summation of muscle tensions, poten- 
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tials over a specific muscle reflected more or less the participation qf this muscle 
in the total tension pattern. 

5. "^Tien the forearm and hand were rotated so that gravity acted at different 
angles to the plane of action of a given test muscle, potentials from the region 
overljdng the muscle varied with the angular position. 

6. Typically, potentials were maximal when a muscle imderlying the elec- 
trodes was in the direct agonist position; then the activity of the muscle was 
expended in directlj’' counteracting gravity. 

7. The tension of a muscle (as reflected in potentials) gradually decreased to 
about half maximum as the agonist function gave way to lateral stabihzing; in 
this position the test muscle acted in the same horizontal plane as the wrist 
pivot. • 

8. With further hand and forearm rotation, the test muscle became an antag- 
onist, working with gravity to stabilize the carpus, and activity, as measured by 
potentials, was a third to a quarter of the maximum agonist value for a given 
loading. 
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Explosive decompression may be defined as a sudden exposure to lowered 
environmental pressure. In common usage the term has come to connote 
exposure to rapidly lowered barometric pressure, as encountered by aircrews 
when failure of cabin pressurizing equipment occurs (due to mechanical failure 
in the aircraft, damage from gunfire, etc.), or in emergency'' conditions neces- 
sitating the leaving of aircraft at high altitude. Hence, studies on the effects 
of suddenly lowered environmental pressure are usually viewed as constituting 
a part of the literature of aviation physiology. However, similar conditions 
prevail in deep-sea diving (accidental “blow-up” from great depths) and, indeed, 
in any too-sudden ascent, as in submarine "free-escape” and similar situations. 
The subject of explosive decompression injury thus applies to submarine physi- 
ology as well as to the specialtj’- of aviation medicine. 

jMbthods. In the experiments to be described, 10 cats and 372 rats were 
subjected to 495 explosive decompressions. Cats were decompressed to simu- 
lated altitudes up to 35,000 ft. in 1.5 sec., while rats were similarly exposed to 
pressure equivalents of 50,000 ft. in 1.06 sec. and to 80,000 ft. in 0.06 sec. The 
time of decompression was calculated from high-speed motion pictures of the 
manometers connected with the various chambers used. 

Two methods of recompression were used, arbitrarily characterized as “im- 
mediate” (within 10 sec., maximum time) and “slow”. In the “sIoav” method, 
recompression to the 18,000-ft. level Avas carried out at an average rate of 200 
m.p.h., and thereafter at 20 f.p.s. This Avas done in an attempt to simulate the 
effects of free-fall A\ith subsequent parachute descent on attaining the 18,000-ft. 
level. Since, under present operating conditions, recompression would take 
place at approximatelj'’ the latter rate, it was felt that these experiments AA'ere 
of a more practical nature than were the former — “immediate” recompression 
being noAv possible only under laboratory conditions. E. C. G. and respiratory 
' tracings Avere secured by means of a Grass electro-encephalograph, suitably 
filtered. Blood pressure aa'us read from a mercury manometer directly con- 
nected to the cannulated carotid arteiy. 

Pathologij. Hemorrhage into the pulmonary tissues Avas the single constant 
finding, as pointed out by Latner (7). The damage AA^as, in all cases obserA’'ed, 
confined to those structures containing gas. In this respect the pathology aa'us 
strikingly reminiscent of that resulting from exposure to blast, as described by 
GreaA-es ei al (4) . Its similarity to the reported pathology j'esulting from ‘ ‘bloAv- 

* The experiments described Avere undertaken as part of a program of research performed 
under contract (N6-ori 119) with the United States Navy, Office of Naval Research. 
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up” in divers as AveU as from accidents occurring in “free-escape” (in instances 
in vduch the breath was held during ascent) was, moreover, notable. This 
smnlarity m pathology would be expected as in keeping vdth Boyle’s law of 




Pig. 1 


Fig. 3 



Fig. -2 

Fig. 1. Lethal explosive decompression in the cat. The animal was recompressed at a 
rate of 200 m.p.h. until the 18,000-ft. level was attained. Thereafter “descent” was limited 
to 20 f.p.s. The effects on heart rate, blood pressure and respiratory rate are shown. 

Fig. 2. Non-lethal e.xplosive decompression in the cat. The curves represent an average ^ 
for 6 animals recompressed by the “slow” method as in figure 1. The transitory effects 
upon heart rate, blood pressure and respiratory rate are shown. 

Fig. 3. The effect of “slow” (172 rats) and “immediate” (200 rats) recompression on the 
mortality rate of animals explosively decompressed to simulated altitudes up to 80,000 ft. 

expanding gases, since at an altitude of 55,000 ft., for example, a gas will expand 
to approximately 11 times its volume at sea level, and onty the “valving” of 
gas through the respiratory tree can account for survival in instances of explosive 
decompression to such altitudes. 

Explosive decompression injmy was found to be characterized by diffuse 
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intrapulmonary hemorrhage wliich varied, in indiiddual instances, from rninute, 
petechial lesions to gi'oss hemorrhage involving all of the pulmonary tissues. 
No lesions were observed in animals decompressed to simulated altitudes below 
35,000 ft. In the present series, the right lung showed more extensive trauma 
than did the left in 55 per cent of cases, while in both lungs the apical poles, 
posterior surfaces and thin, pulmonary margins appeared to be the most rmlner- 
able areas. Perforation of the gut never occurred in the cats studied, and in 
but 3 of the 372 rats. There was no correlation between the weight of the 
animal decompressed and the extent or degree of pathology exhibited. That 
is to say, proportional injuiy was found in both large and small animals exposed 
to the same degree of decompression. 

Circulation and respiration. Immediately following decompression, both the 
blood pressure and heart rate decreased sharply. This, together with the 
engorged hearts found at autopsy, wns ascribed to mechanical interference with 
cardiac output, and it is suggested that pressure upon the heart may result from 
the momentarily increased intrathoracic pressure resulting from supra-maximai 
expansion of the lungs — an opinion held by Wliitehorn ct al. (9). In fatal cases, 
both heart rate and blood pressure wnre observed to fall progressively until 
death (fig. 1), w^hile, in a few' instances, marked, alternate accelerations and 
decelerations in heart rate w'ere seen during the few minutes prior to complete 
stasis. 

The E. C. G. of fatal explosive decompression injury w'as found to be simply 
that of a d3ing animal, and the characteristics of the tracings obtained w'ere 
not considered as being in an}' way unique. AiThidhroia w'as a constant finding 
in the moribund heart, rvith extra systoles, decreased “]El”-spike potentials 
and abnormalities of the “T” wave. Animals w'hich sundved (fig. 2) frequently 
show'ed no change in heart rate or bioelectric complex, but initial slowdng of 
the heart w'as the rule. After animals w'hich survived “slow” recompression 
had been brought to about 15,000 ft. simulated altitude (2.5 min.), a fall in 
heart rate and blood pressure usually occurred from w'hich recovery to normal 
values was complete before recompression had reached the 10,000-ft. level. 
Respiratory rate and depth in such animals was little affected, except during 
the fii’st minute of the descent, w'hen respiratory action rvas slow' and dyspneic. 

“G7'0up” (simultaneous) decompression. In experiments in which several 
rats w'ere simultaneous^' decompressed, the pathology w'as found to be par- 
ticularly interesting (table 1). In these animals, decompressed to 80 mm. Hg 
(about 50,000 ft.) and recompressed at the “slow'” rate, mortality w'as found to 
approximate 50 per cent, although all animals had been exposed to the same 
degiee of decompression for the same length of tune. Furthermore, on autopsj', 
highly variable degrees of pulmonary injury wme seen, and the appearance of 
the lungs of the different animals might vary from the normal to gross, generalized 
hemorrhage involving almost all of the pulmonary tissues. Intermediate 
degi’ees of injury could also be seen in these instances of “group” decompression, 
vaiyingfrom a few' isolated, punctate, hemorrhagic spots to diffuse areas covering 
large portions of the lung. 
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It was considered most probable that this highly-variable pulmonary damage 
might best be explained on the basis of varjdng phases of the respiratory act 
at the instant of decompression, since all gas. present within the lungs would 
expand in equal proportion and be “valved” through the trachea at rates corres- 
ponding with the size of the individual animals. This hjqDothesis appeared 
more tenable as an explanation of the observed variability in degree and extent 
of injury than considerations of possible anatomical differences in the respiratory 
tree which might permit the “valving” of the expanding gases at different rates 
and pressures. 

Protection. As a partial test of the above h 5 'pothesis, a series of animals 
was decompressed following the tight mechanical constriction of both thorax 
and abdomen. Such constriction Avas accomplished by means of surgical tape 
so applied as to permit but minimal pulmonary exchange. All of these rats 
surviA'^ed, and on autopsj* injury aa^s found to be, indeed, minimal, although 
hemorrhagic -areas AA^ere present in all of the lungs examined (table 2): 

TABLE 1 

Example of pathological variation in simultaneous (“group”) explosive decompression of 

rats to a simulated altitude of SO, ODD ft. 

A. Died Avithin 5 minutes. Massive hemorrhage involving almost entire surface of both 

lungs 

B. Died within 15 minutes. Gross hemorrhage into both lungs ’ 

C. Survived. Gross liemorrhage along borders of both lungs 

D. Survived. Diffuse hemorrhage involving the apices of both lungs. The remainder 

of the pulmonary tissues appeared normal 

E. Survived. Both lungs normal in appearance 


Rate of recompression as a factor in survival. E.xperiments involving 372 
decompressions indicated that the lethal effects of exploshm decompression 
are dependent, to some degree at least, upon the duration of the subsequent 
period during AA'hich the animal AA''as restored to normal atmospheric pressure. 

Thus, in rats decompressed to a simulated altitude of 80,000 ft. (20-35 mm. 
Hg) and immediately recompressed, mortality never exceeded 25 per cent; 
AA^hile rats more sloAAdy brought to normal barometric pressure suffered mortality 
rates up to 78 per cent (fig. 3). Moreover, in rats recompressed by the “sIoav” 
method, fatalities occurred at simulated altitudes as Ioav as 35,000 ft., AA'hile no 
deaths took place among rats “immediately” recompressed until the 40,000-ft. 
level. No explanation for this difference in surAdA’'al percentages is offered, 
but the possibility is suggested that rapid recompression may tend to minimize 
hemorrhage by the speedy reduction of tension on the finer pulmonary capil- 
laries. 

Discussion. The pathology of explosive decompression is noAv AA-ell knoum in 
its essentials (1, 2, 5-9). Differences of opinion exist, hoAA-eA’^er, as to the irn- 
mediate cause of death, AiEether from the formation of gas emboli (6), anoxic 
anoxia (3), anemic anoxia and shock, or from pulmonary trauma. There is 
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general agreement, on the other hand, that structural damage, when it occurs, 
appears like blast injury to be limited to those structures containing gas. In 
addition, Livingston et al. (8) have described renal and cochlear lesions together 
with a generalized passive congestion in animals examined within a few days 
following decompression. • • _ 

The changes in respiratory rate, heart rate, blood pressure, and in the cardiac 
bioelectric complex are most probab^’- initiated by mechanical changes within 
the thorax. Miether or not these changes are of a transitory nature appears 

TABLE 2 


Post-mortem findings in rats “protected” against explosive decompression by means of tightly 
taping the thorax and abdomen in such a manner (hat only minimal pulmonary ventilation 
was permitted. All animals survived and loere sacrificed S hrs. following the decompression 


NO. 

1 

j SIMULATED 

1 ALTITUDE 

I ^atholocical tindinos 

1 

1 

, 50,000 ft. 

i 

Lungs normal with the exception of hemorrhagic streaks on the 
posterior border of the right lung 

2 

50,000 ft. 

Both lungs mildly hemorrhagic and pink in color. The right lung 
appeared somewhat darker in color than the left. Single, grossly 
hemorrhagic spot on right lung 

3 

1 

50,000 ft. 

Similar to no. 45 above, with single grossly hemorrhagic area in left 
lung 

4 

50,000 ft. 

Both lungs presented numerous, small and discrete hemorrhagic 
lesions 

5 

51,000 ft. 

A few small petechial spots on both lungs, with a single grossly 
hemorrhagic lesion on the right side 


to depend upon the degree of trauma brought about by the initial insult. Thus, 
Whitehorn et al., working with dogs, found explosive decompression to be harm- 
less in all but one instance in wlrich decompression was effected from 10,000 to 
50,000 ft. simulated altitude. It should be noted that recompression, in these 
experiments, was immediate. Although the mortality figures derived from the 
present experiments noth rats are not in complete agreement with the results 
of the experiments on dogs cited above (but 75 per cent of rats decompressed 
to 80,000 ft. surviving) it appears, nevertheless, that the rate of recompression 
is definitely a factor in determining survival. 

Thus, in experiments in which animals were recompressed at such a rate as 
to simulate free-fall from aircraft and parachute descent, only 22 per cent sur- 
vived, as compared with the above 75 per cent survival for rats “immediately” 
recompressed. It thus appears desirable that experiments performed for the 
purpose of evaluating the hazard of explosive decompression in man be designed 
so as^ to simulate, as closely as possible, conditions prevailing in failure of pres- 
surizing equipment or in emergency conditions necessitating parachute descent 
from aircraft. Particularly is this so since to date “immediate” recompression 
of explosively decompressed personnel is (and will probably remain for some time) 
impractical, if not impossible of achievement. 
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STOEVIARY 

1. Cats and rats were subjected to 495 explosive decompressions to simulated 
altitudes up to 80,000 ft. 

2. Explosive decompression injury was found to be confined to those struc- 
tures containing gas. In the lungs, damage may vary from petechial lesions 
to gross hemorrhage invohdng all of the pulmonary tissues. 

3. No correlation was found between the weight of the animals decompressed 
and the extent of resultant injuiy. 

4. Fatalities from explosive decompression did not occur at simulated alti- 
tudes below 35,000 ft. 

5. In fatal explosive decompression, both heart rate and blood pressure de- 
clined rapidljr until death. No unique criteria were detected in the E. C. G. 
of such animals — those phenomena observed being characteristic of any dying 
heart. Animals which survived exhibited a fall in both heart rate and blood 
pressure from which recovery was complete before recompression had reached 
the 10,000-ft. level. 

6. In “gi’oup” decompressions, marked variations in pathology were observed. 
These may be tentatively explained on the basis of varying phases of respiration 
at the instant .of decompression. The “protection” of rats by means of tightly 
taping the thorax and abdomen was interpreted as supporting this hypothesis. 

7. The rate of recompi-ession appeared to constitute a factor determining the 
degree of damage sustained as well as in affecting the mortality rate of rats 
explosively decompressed. 
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There have been several references to the action of alloxan on enzyme inhibi- 
tion. Purr (1) has shovm that alloxan inhibits the activity of papain and cathep- 
sin, and Hopkins, IMorgan and Lutwak-Mann (2) have demonstrated the same 
effect on the succinic dehydrogenase. Also, alloxan can act as a hydrogen 
acceptor in enzyme reactions (3, 4) and to compete ^Yith diphosphopyridine 
nucleotide in yeast fermentation (5). Alloxan has been shovm to enter a rever- 
sible oxidation-reduction sj^stem (6) which is unstable above a pH of 6.0. Since 
alloxan can act as an oxidizing agent and inhibit enz 3 mie activity, it was decided 
to investigate the action of alloxan on the glycolysis of glycogen to lactate in 
muscle extracts. 

Methods. The method used was essentially similar to that of Gemmill and 
Hellerman (7). The muscles of the hind legs of frogs were quickly dissected and 
1.5 parts of cold water were added to each part of muscle. The mixture was 
ground with sand in a chilled mortar and centrifuged. The supernatant fluid 
was used for the determinations. In each Warburg vessel was placed 0.4 cc. 
of 1.3 per cent sodium bicarbonate, 1.0 cc. of the extract, 0.2 cc. of alloxan of a 
strength which varied with the different experiments and 0.2 cc. of 4.0 per 
cent glycogen was placed in the side tube. Water was added to make the final 
volume in each vessel 2.2 cc. In the earlier experiments the alloxan was added 
to the bicarbonate mixture before the muscle extract. In the later experiments, 
the alloxan was added after the muscle extract Avas placed in the A^essel in order 
that the alloxan Avould not be subjected to the alkaline solution. After placing 
the vessels in the water bath, 95 per cent nitrogen and 5 per cent carbon dioxide 
were passed through the vessels for six to eight minutes. At the end of this time 
the passage of gas aa^s discontinued and the side tubes AA-ere closed. The A^essels 
AA-ere shaken for another Aa'-c minutes before the first reading Avas taken, the stop- 
cocks AA'ere closed and the glycogen AA’as spilled oA'-er into the main chambers of 
the vessels. Readings Avere taken for a period of one hour. The temperature 
of the Avater bath Avas 25.0°C. In a feAv experiments lactate determinations Avere 
made by the method described by EdAA-ards (8), 

Results. The results are gmen in the figures 1 and 2 and in tables 1 to 3. In 
the early experiments in Avhich the alloxan AA’as added to the bicarbonate solution 
before the muscle extract, it AA’as found that relatiA'^el}'" large amounts of alloxan 
AA^eie needed in order to get 88 per cent inhibition (table 1). lii later experiments 

^ These experiments were aided in part by a grant from the Eli Lilly Research Fund. 

Expel iments reported before the Am. Soc. Pharmacol, and Exper. Therap Fed Proe 

6: 332, 1947. y., ■ x wi.. 
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TABLE 1 

The effects of alloxan on glycolysis 

Experiments made with 1.0 ml. extract (1 part muscle, 1.5 parts water), 0.2 ml. of 4 
per cent gljmogen and 0.4 ml. of 1.3 per cent sodium bicarbonate. Alloxan solution and 
water added to make total volume in each vessel 2.2 ml. Solutions saturated with 95 per 
cent nitrogen and 5 per cent carbon dioxide in water bath at 25.0°C. 


Alloxan added before extract Alloxan added after extract 


DATE j 

ALLOXAN 

GLYCOLYSIS 

INHIBI- 

TION 


DATE 

ALLOXAN 

GLYCOLYSIS 

INHIBI- 

TION 

Without 

alloxan 

Witll 

alloxan 

Without 

alloxan 

With 

alloxan 

mr 

mgm» 

mm.> CO} 

mm.* CO} 

fer cent 


m? 

mgm. 



fer cent 

Jan. 27 

1.2 

358 

338 

6 


Feb. 3 

3.6 

386 

49 

87 



364 

335 

8 




395 

51 

87 



371 

■ 338 

9 




405 

53 

87 

28 

2.4 

469 

103 

88 


5 

3.6 

286 

21 

93 



491 

102 

89 





25 

91 



490 

104 

89 


6 


326 

47 

86 

31 

3.6 

337 

116 

66 





49 

85 



■ 358 

80 

88 


7 


399 

30 

93 



351 

174 

50 





24 

94 

Feb. 1 

4.8 

400 

187 

53 


8 

0.2 

410 

410 

0 



405 

107 

74 



0.4 

415 

221 

47 



409 

133 

67 



0.6 


77 

82 








0.8 


43 

90 







10 

0.8 

263 

26 

90 










16 

94 







17 

0.8 

278 

26 

91 










28 

90 


TABLE 2 

Cysteine reactivation of alloxan inhibition of glycolysis 
Experiments made with 1.0 ml. extract (1 part muscle, 1.5 parts water), 0.2 ml. of 4 
per cent glycogen and 0.4 ml. of 1.3 per cent sodium bicarbonate. Alloxan solution and 
water added to make total volume in each vessel 2.2 ml. C 5 'steine hydrochloride neu- 
tralized with sodium bicarbonate added ten minutes after alloxan. First reading vas 
made twenty minutes after the addition of the cysteine to the solutions. Solutions satn- 
rated with 95 per cent nitrogen and 5 per cent carbon dioxide in water bath at 25.0 . i , 

without alloxan; NC, without alloxan, with cysteine; A, with alloxan; AC, wdth alloxan 


and cysteine. 


DATE 

ALLOXAN 

CYSTEINE HCl 

GLYCOLYSIS, MM. COj TEE HODE 

N 

NC 

A • 

AC 


mgm. 

mgm. 





Feb. 6 

3.6 

4 

326 

530 

47 

25 






49 

27 

7 

1.2 

30 

399 

382 

24 

200 






30 

220 

10 

0.8 

15 

263 

336 

16 

156 






26 

156 
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in which the alloxan was placed in the vessels after the extract, inhibition was ob- 
tained with 0.6 mgm. of alloxan (fig. 1 and table 1). There can be no doubt that 
the stronger alkalinity to which the alloxan was subjected in the earlier experi- 


TABLE 3 


Effect of alloxan on lactic acid formation in muscle glycolysis 
Lactic acid in mgm. 


BEGINNING 

END or 1 HOTO 

Without alloxan | 

With aUoxan 

Without alloxan 

W'ith alloxan 

1 

0.62 

0.46 

1.40 

0.44 



1.36 

0.44 


Solutions used: 1 ml. extract (1 part muscle, 1.5 parts vrater); sodium bicarbonate, 0.4 
ml. of 1.3 per cent; glycogen, 0.2 ml. of 4.0 per cent; alloxan, 0.2 ml. of 0.4 per cent. Water 
added to each vessel to make final volume 2.2 ml. Solutions equilibrated with 95 per cent 
nitrogen and 5 per cent carbon dioxide in water bath at 25.0°C . 




Fig. 1. Effect of varying concentrations of alloxan on glycolysis. Concentration of 
solutions: glycogen, 0.2 ml. of 4.0 per cent; sodium bicarbonate, 0.4 ml. of 1.3 per cent- 
muscle extract, 1.0 ml.; 7, no alloxan; 77, 0.1 ml. of 0.2 per cent; 777, 0.2 ml. of 0.2 percent; 
W, 0.3 ml. of 0.2 per cent; V, 0.4 ml. of 0.2 per cent. Final volume in each vessel adjusted 
to 2.2 ml. mth water; 95 per cent nitrogen and 5 per cent carbon dio.xide; 25.0° C. 

Fig. 2. Effect of alloxan and cysteine on glycolysis. Concentration of solutions: gl 3 mo- 
gen, 0.2 ml. of 4.0 per cent; sodium bicarbonate, 0.4 ml. of 1.3 per cent; alloxan, 0.2 ml of 0.4 
per cent; cysteine, 0.3 ml. of 5 per cent. Final volume in each vessel adjusted to 2.2 ml. with 
water; 95 per cent nitrogen and 5 per cent carbon dioxide; 25.0° C. 

Curve 7, cysteine; curve 77, normal; curve 777, alloxan and cysteine; curve IV, alloxan. 


ments was destroying some of the alloxan. The relationship between concen- 
tration and the degree of inhibition with this latter method is .given in figure 1. 

Since aUoxan may act as an oxidizing agent, it tvas decided to determine if 
cysteine may reactivate this inhibition. Alloxan w^as added to the muscle ex- 
tract and the mixture w^as allowed to stand for ten minutes before the cysteine was 
added and the experiment started. The results given in figure 2 and table 2 
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show that .the cysteine does relieve this inliibition. It is of interest to note that 
the reactivation only occurs during the first thirty minutes of the experiment. 
After this time the curve again becomes parallel to the base line indicating in- 
hibition was taking place again. The cysteine was not exhausted at this point 
because the solution gave a strong nitroprusside test for sulfhydryl groups at the 
end of the experiment. In another experiment, cj’-steine was added fifteen min- 
utes after the alloxan and similar reactivation was obtained. 

In a later experiment, determinations of lactic acid were made before and 
after a manometric experiment (table 3). ’No increase of lactate was observed 
when alloxan was present Avhile in the absence of alloxan, lactate was found in 
the reaction mixtures. These results demonstrate also that alloxan was act- 
ually inhibiting the gh'colysis of gtycogen to lactate. 

Several months after completing these experiments, an additional experiment 
was made using the same sample of alloxan as in the former work. Only a slight 
inhibitory action was obtained. The next day, using a new sample of alloxan, 
the same results as in the previous series were obtained. Therefore, care must be 
observed to use a fresh suppl 3 '' of alloxan for biological experiments. 

Discussion. Lipmann (9) has reviewed the reversible effects of oxidizing 
agents on glj'-colj'’sis. He remarks that there are five enzyme systems in the gl}^- 
colytic system which undergo oxidative inactivation followed bj’" reactivation 
vdth sulfhj^drid compounds. In the present experiments, the exact enzjme 
system cannot be defined; however, alloxan can be added to the list of oxidizing 
agents which can reversiblj^ inactivate glycolysis. 

The relationship of these experiments to the mechanism of the action of allo.van 
on the islets of Langerhans is open to conjecture. It would be interesting to 
speculate that in the islets there is an enzyme s^^stem which is veiy sensitive to 
certain oxidizing agents. When this enzyme sj^stem is inactivated the islets are 
destroj''ed and diabetes results. Goldner and Gomori (10) have cj-iticized this 
general vieniioint on the basis that administration of other oxidizing agents does 
not produce diabetes. However, there maj”^ be a selective action similar to that 
of tetrathionate on the proximal tubular cells of the kidney (11)- These authors 
point out that tetrathionate has a definite effect on the tubules but no action on 
the pancreas. Therefore, oxidizing agents maj’- be specific in their biological 
action. The fact that other oxidizing agents of the same power as alloxan do not 
produce diabetes is not a conclusive argument against alloxan acting through an 
enzyme system in the islets of Langerhans, presumably one containing a sulf- 
h 5 ’-diyl group. 

The author wishes to thank Mrs. F. P. Livelj'- for her technical aid in these 
experiments. 

CONCLUSIONS 

1 . Alloxan inhibits the glycotysis of gl.vcogen to lactate in frogs’ muscle extract. 

2. The degree of inhibition is proportional to the concentratmn of alloxan. 

3. The inhibition of glycolysis produced by alloxan is reversed by cj'steine. 
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The primary stimulus for er 3 rthropoiesis in the adult mammal is generally 
considered to be anoxia. Since the red bone marrow is well established as the 
site of led blood cell formation, it is inferred that anoxia of the bone marrow is 
the specific requirement for the initiation of erythropoiesis. The evidence for 
this is derived from the association of erythropoiesis with the various types of 
anoxia. Thus, the well knovm increase in red blood cells which occurs during 
a sojourn af high altitude is the result of a low arterial pOa (1), whereas the 
compensatory red blood cell production of chronic hemorrhage, chronic CO 
inhalation and certain anemias is associated with low or defective O 2 capacity 
(see 2). It is assumed that the changes in peripheral blood O 2 are paralleled 
by similar changes in the bone marrow blood. The clearest picture of marrow 
circulation is obtained from Doan’s injection studies (3). . The impression 
gained from a vdew of the swollen, venous sinusoids and numerous large veins is 
that blood flow through marrow must be slow enough to approach stagnation. 
Thus, anj'’ tendency toward subnormal PO 2 in peripheral blood, as encountered 
at high altitude' or immediately following hemorrhage, might well be accentuated 
in, bone marrow blood. So far as we are aware no direct measurements of the 
O 2 in bone marrow blood appear in the literature. For this reason the present 
study was undertaken. Simple hemorrhage was used for the production of an 
erytlu’opoietic stimulation of bone mar^ow^ During the period of regeneration 
various determinations of On were performed on blood drawn from the red bone 
marroAV of normal, unanesthetized dogs. 

Methods. Animals. Nineteen adult, mongrel dogs, 9 of which were males, 
were used in this study. The body weights ranged from 6.8 to 14.0 kgm. Their 
diet Avas composed of “Friskies”^ and Avater ad- libitum. 

Bone puncture. A 16 gauge Osgood bone needle vith locking stylet was used. 
For ease of manipulation a short brass handle w’'as secured to the stylet. The 
needle Avas cleansed AAdth alcohol before use. The proximal end of the humerus 
AA’’as selected as the site of routine puncture because this portion of the bone 
contains red marroAV and lies only a feAV millimeters beneath the skin. After 
clipping the hair and swabbing the skin over the humerus with . alcohol, the 
skin' and subcutaneous tissues overlying the periosteum Avere infiltrated ^th 
approximately 0.2 cc. of 1 per cent procain. The Osgood needle Avas held 

* A preliminary report of this work appears in Fed. Proc. 6: 114, 1947. 

° Aided by a grant from the Josiah Maoy Jr. Foundation. 

3 Carnation Co., New York City. 
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parallel to the long axis of the bone and thrust through the skin and periosteum 
of the greater tubercle of the humerus by imparting torque to the needle. With 
only moderate pressure the needle was pushed 2.5 cm. into the proximal end of 
the bone. The adjacent upper half of the surgical neck of the humerus was 
avoided as a puncture site because of its numerous vascular foramina. At . 
different times samples were obtained from the same bone bj^ slightly varying 
the site and angle of penetration. In any one bone, punctures were made 
usually at intervals of 1 week. Right and left humeri were employed alternately, 
an individual bone being punctured no more than 5 times. Bone puncture has 
been performed in some 40 dogs; evidence of temporary trauma has been ob- 
served in only two instances. Similar punctures have been carried out in four 
different bones of dogs as well as in the humeri of cats, rabbits, and rats. 

When the puncture had been made and the stylet nuthdranm, blood soon 
appeared in the cup of the needle and usually overflowed at the rate of a drop 
every 5 to 20 seconds. By attaching a syringe, large quantities of blood could 
be slowly vuthdrawn. Fat droplets were observed in bone blood samples but 
never bone spicules nor other fragments of tissue, Blood so obtained was, in 
most instances, similar to jugular venous blood in O 2 content and hematocrit 
value. A large number of immature blood cells were observed in Wright stained 
smears of bone blood, and their numbers far exceeded those found in jugular 
venous blood even after as much as 1 cc. of blood had been removed from the 
bone needle.^ The removal of larger amounts of blood from the humerus than 
could conceivably be contained in the bone indicates that such samples must be 
diluted with peripheral blood. To reduce the possibility of dilution the major 
portion of analyses were performed on the first 0.15 cc. of blood appearing in 
the cup of the needle. 

Analytical methods. O 2 saturation of blood was calculated from O 2 content 
and capacity measurements obtained by the use of micro methods. The O 2 
content -was estimated on 0.04 cc. of blood using the syringe technique of Rough- 
ton and Scholander (4). O 2 capacity was also measured on a 0.04 cc. sample 
by modifying the Roughton and Scholander method (5). CO 2 content was 
determined manometrically (6), using 0.10 cc. of blood. Direct measurement 
of O 2 and CO 2 tensions in blood were carried out on 1 cc. samples as described 
by Riley et al. (7). Duplicate determinations, when made, yielded maximum 
differences of 6 mm. Hg for p02 and somewhat less for PCO 2 . An occasional 
pH measurement of blood was obtained with the glass electrode on 0.1 cc. of 
blood diluted anaerobically with saline to 1.0 cc. 

Hematocrit values were estimated with Van Allen (8) hematocrit tubes which 
require less than 15 cu. mm. of blood. The diluent used ■was isotonic sodium 
oxalate. Er 3 dhrocyte and leucocyte enumerations were carried out in the 
usual manner. Figure 1 presents a correlation between hematocrit values and 
red blood cell counts of 10 animals, and figure 2 relates hematocrit and O 2 ca- 
pacity values in 11 animals. Reticulocyte percentages were obtained by 

^The authors wish to thanlc Dr. Peter Orahovats for his kindness in performing the 
hematological examinations. 
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counting 1000 ceUs on a diied smear after vital staining mth brilliant cresyl 
blue. In certain expernnents plasma volume was estimated by means of the 
blue dye, T-1824 (9). 

Sampling. ^ Blood samples were dravm directly from the cup or syringe end 
of the needle inserted ivithout stasis in jugular vein or marrow substance. Ana- 
erobiosis was accomplished by placing the tip of the Eoughton-Scholander pi- 
pette beneath the surface of the blood advancing into the cup. This process 
required only a few seconds, and no evidence of atmospheric contamination was 
ever observed (see also 10). Once the pipette was filled, its contents were 
delivered into the analyzing syringe and the analysis started in less than a 
minute. Coagulation was prevented by using air dried pipettes which had 
previously been rinsed with a 1 per cent heparin solution. 
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Fig. 1. The relation of the red blood cell count to the hematocrit value (Van Allen). 
Data from 10 dogs. 

Fig. 2. The relation of O 2 capacity (micro-method) to the hematocrit value (Van Allen). 
Data from 11 dogs. 


Procedure. The control deteimination consisted of one or two sets of mea- 
surements. Both bone and jugular venous blood samples were taken from 
animals which had not been fed for some 18 hours and which had been lying 
quietly on an animal board for at least 15 minutes. 

Twenty-eight to 32 per cent of the blood volume was removed from a needle 
inserted in the femoral artery. In 2 instances the blood volume w'as determined, 
but in the remainder a blood volume of 95 cc. of whole blood per kgm. of body 
weight was assumed. Hemorrhage was completed in less than 10 minutes. 

Within 20 to 40 minutes from the completion of hemorrhage jugular venous 
and bone blood samples were removed and analyzed as in the control period. 
O 2 content and capacity determinations together with hematocrit values an 
red blood cell counts were determined on most of the animals. In ot ers, 
CO 2 content, pH, direct pOs, and direct pCOz were estimated on both bone and 
venous bloods while white blood cell counts, reticulocyte percentages, and total 
blood volume were measured using venous blood samples. 

A second post-hemorrhagic series of measurements was made 20 to 24 hours 
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later. Deteradnations were then repeated at 3 to 6 day intervals for about 3 
weeks. ■ The study of hemorrhaged animals was rarely continued to the point at 
wiiich the erythrocyte levels had returned to those of the controls. Since we 
were concerned vdth the relation of Oj in bone marrow blood to the initiation of 
er 3 dhropoiesis, the first two weeks after bleeding were most important. 

Results. Normal bone blood values. In view of the lack of information con- 
cerning blood gas values of blood circulating through normal bone marrow, var- 
ious measurements made during the control period have been assembled and are 
presented in table 1. These data will be discussed later. 

Erythrocyte concentration. In 11 dogs studied for 19 to 26 days after hemor- 
rhage, the red blood cell count fell rapidlj’- and approximately one daj’- later had 
reached its lowest level. A gradual increase was observed over the remainder of 
the period and at 21 da 3 ''S the count of several animals had returned to that of 



Mg. 3 ITjg. 4 

Fig. 3. The response of the jugular venous red blood cell count and of reticulocyte 
percentage to a 30 per cent hemorrhage. 

Fig. 4. The effect of 30 per cent hemorrhage on the hematocrit value (Van Allen) and 
Oo content of jugular venous and bone marrow blood. The first post-hemorrhagic values 
vere obtained 30 minutes after bleeding. At this time the hematocrit percentage is hardly 
altered but the O 2 content has decreased considerably. 


the control level. As an index of active regeneration, venous reticulocyte per- 
centages wei’e measured in three animals. A sharp but transient rise in the re- 
ticulocyte level occurred from 6 to 8 da 3 ^s after bleeding. The red blood cell 
count and reticulocyte percentage curves of a typical bled dog are shown in 
figure 3. 

Changes observed in the hematocrit values were similar to those shoivn b 3 '- red 
blood cell counts. Hematocrit measurements were made on both venous and 
bone marrow blood and were followed more closely than was the er 3 dhroc 3 d;e 
enumeration. No consistent difference was observed between hematocrit 
values of bone and jugular venous bloods of 15 normal dogs obtained during the 
control period. At this time average venous and bone blood readings were 40 7 
and 41.0 (table 1), respectively. In samples removed within the first hour after 
bleeding, the values had decreased by 1 to 5 hematocrit divisions (fig. 4). Under 
the adopted schedule, minimal hematocrit readings, 7 to 18 divisions below con- 
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trol, were observed 24 hours after the blood loss indicating that compensating 
dilution had occurred. Readings obtained 2 to 3 days later were either identical' 
mth the previous one or slightly greater. In the ensuing 3 weeks, hematocrit 
values rose steadily. In general, hematocrit measurements of bone and venous 
bloods were similar. 

Blood volume determinations were made on 2 dogs, before and 3 days after the 
standard hemorrhage. Typically, in 1 animal the loss of 32 per cent of total 
blood volume resulted in a decrease in hematocrit value and red cell volume while 
dilution of the plasma vdth tissue fluid occurred. Three days after bleeding the 
total blood volume had been restored to 92 per cent of control value. 

Oxygen content, capacity, and saturation. During the control period the O 2 con- 
tent of bone and jugular venous bloods agreed vdthin the error of the methods 
used (table 1). The average value was 13.7 vol. per cent. Twenty to 40 min- 
utes after hemorrhage, bone and venous samples showed striking decreases in the 

TABLE 1 


Control determinations carried out upon bone and venous bloods of normal dogs 



VEIN 

BONE' 


Number 
of sam- 
ples 

Number 
of dogs 

1 

Average 

Range 

Number 
of sam- 
ples 

Number of 
dogs 

Average 

Range 

O2 vol. % 

20 

11 

13.7 

8.8-18.5 

20 

14 

13.72 

9.5-19.0 

Hot. % 

31 



30.9-49.5 

24 

16 

^l.O 


O2 cap. vol. % 

15 

10 

18.3 

13.0-20.4 

8 

8 

17.03 


O2 sat, % 

9 

9 

75 

69-85 

8 

8 

78 

65-92 

pO" mm. Hg 

10 

0 

54 

42-72 


5 

65 

55-73 

pCOi mm. Hg 

11 

5 

42.1 

35-60 

11 

5 

43.8 

36-56 

CO2 vol. % 

4 

2 


39.6-41.5 

3 

2 

38.8 

37.5-41.2 

pH 

1 

1 

7.35 


1 

1 

7.35 



O 2 content (fig. 4) which amounted to a reduction of 5 to 12 vol. per cent below 
■ the control level. This represents a loss of more than half the normal amount of 
O 2 carried by a unit volume of blood. Concomitant vdth this marked deficit 
in O 2 content, the hematocrit value declined onlj’’ slightly. O 2 capacity of blood 
which followed a course parallel to that of the hematocrit percentage (see fig. 2) 
also showed a small decrease 20 to 40 minutes after bleeding. In the immediate 
post-hemorrhagic period, the blood of vein and bone had retained the major 
portion of its O 2 carrying capacity, yet the quantity of O 2 present m the blood 
was halved.- Percentage O 2 saturation, which averaged 75 in jugular and /8 m 
bone blood during the control period, declined within 20 to 40 minutes after 
hemorrhage to values ranging betwen 18 and 50 in both bone and vein ( h 
Although no direct measurements were made, it was suspected that the low Uo 
saturation was a result of decreased circulatory rate in the areas studied, 
indication of this was observed in the slowing of blood flow from needles m bone 
substance and vein during sampling. 
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' Twenty-four hours after hemorrhage, the volume of whole blood lost by bleed- 
ing had been replaced by tissue fluid. , The increased plasma volume and de- 
creased hematocrit value have already been noted. In bone and venous blood 
samples taken at this time, O 2 content had risen 1 to 8 vol. per cent above the 



HeUORRHME 

DAYS 



Fig. 5. The percentage O 2 saturation of both jugular venous and bone marrow blood 
is markedlj' decreased immediately after 30 per cent hemorrhage. The values for bone 
blood rapidly attain the control level while those of jugular venous blood remain for some 
time below this range. 

Fig. 6. The effect of 30 per cent hemorrhage upon 'the Oi tension of bone marrow blood. 
The observed points were determined by the method of Riley et al. (7). The calculated 
values were obtained by applying the O 2 saturation determinations to Bareroft’s O 2 dissocia- 
tion curve for dog’s blood (11). 

Fig. 7. The effect of the removal of 30 per cent of the red cell volume by 0 equal liemor- 
rhages over a period of 3 days upon the O 2 saturation and the Oo capacity of bone marrow 
and jugular venous blood. 

values attained a few minutes after hemorrhage (fig. 4). During the following 3 
weeks, O 2 content gradually approached the control level. In this period, hone 
marrow blood consistently yielded an O 2 content 2 to 4 vol. per cent above that 
of jugular venous blood. 

The percentage O 2 saturation on bone and venous bloods, which immediately 
after bleeding was markedly reduced, had increased dramatically to approach 
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control levels 24 hours later (fig. 5). Although the O 2 content remained low, the 
reduction in O 2 capacity by dilution of the blood raised the O 2 saturation. Bpne 
samples generally showed saturation measurements wthin the control range 
20 to 24 hours following the bleeding. Venous blood, while much increased over 
Its previous level, remained below the control range for 2 to 3 weeks and occasion- 
ally longer. Blood samples were obtained more readily from both vein and bone 
a few days after bleeding than was the case immediatelj’- following hemorrhage. 
On the basis of routine inspection, blood floiv from inserted needles was much 
accelerated and often exceeded the control velocit}'". 

Oxygen tension. In order to evaluate O 2 tension of bone marrow blood, per- 
centage oxy -hemoglobin values were applied to the Oo dissociation curves for 
dog blood constructed b}’’ Barcroft (11). Although this curve was not pre- 
pared under conditions identical with those of this study, it permits a first ap- 
proximation of the PO 2 . According to the Barcroft curve the average control O 2 
saturation of 78 per cent (8 dogs) gives a p02 value of 57 mm. Hg. Figure 6 
shows O 2 tensions derived in this manner. From this graph it may be ob- 
served that the pronounced depression of PO 2 in the first post-hemorrhagic hour 
has almost completelj'" disappeared in bone marrow blood 24 hours later. 

The PO 2 estimates obtained indirect^ from O 2 saturation measurements are 
compared with those obtained by direct determinations of O 2 tensions using the 
Roughton-Scholander syringe as described by Riley et al. (7). Control values 
on 5 animals are listed in table 1. The average of 10 anaB’-ses of bone blood was 
05 mm. Hg with a range of 55 to 73 mm. Hg. The average p02 determined 
directlj’’, therefore, agrees reasonabB’’ "well with the ■\’’alue of 57 mm. Hg obtained 
indirectljL hlore important in this study than the absolute values of O 2 
tension were the relative changes following blood loss. In this respect, the 
pOo changes estimated directl}^ closelj’" parallel those derived from the O 2 
dissociation curve (see fig. 6). 

Carbon dioxide. A detailed study of CO 2 and pH is beyond the scope of 
the present investigation. A few exploratoiy measurements, however, were 
made and control values are included in table 1. 

Length of stagnant anoxia. The foregoing sections have indicated that an 
abrupt depression of the O 2 saturation occurred in bone blood immediatel}’' 
following a 30 per cent hemorrhage. Twenty-four hours later the O 2 saturation 
had returned to the control range. To detei’mine more precisely the duration 
of low O 2 saturation, measurements of bone blood were performed at hourlj'’ 
intervals after bleeding. This procedure was carried out in 2 animals. During 
this period, blood dilution proceeded gradualty at a uniform rate as noted from 
the declining hematocrit and Oo capacity values. After the immediate decrease, 

0- content rose slowly. The O 2 saturation which was markedly depressed at 
the close of hemorrhage returned to normal in the 2 animals in 3 and 5 hours, 


respectively. ... 

Elimination of stagnant anoxia. In an attempt to reduce or to elimma 
low O 2 saturation following hemorrhage, 2 dogs were bled so that 30 per cent o 
the calculated red cell volume was removed. This was accomphshed by 
blood in 6 equal quantities over a period of 3 days (fig. 7). Blood dilution, 0 
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course, makes necessary the removal of more than 30 per cent of the total blood 
volume in order to reduce the red cell volume hy 30 per cent. The usual con- 
trol determinations were made prior to the first of the series of 6 hemori’hages, 
and thereafter measurements were repeated 20 to 40 minutes after every other 
bleeding. No marked drop in percentage of oxj^gen saturation was observed 
in measurements of bone and venous bloods, either during or following the 
periods of divided hemorrhages. In 1 animal a single determination of bone 
blood On saturation showed 12 per cent decrease and in the other dog a similar 
change occurred in one Of the samples of venous blood. In all other instances 
the values coincided Avith or exceeded the control leAmls. Dogs AA'ere studied 
for the customary period of 3 AA^eeks; and recovery curves of hematocrit readings, 
O2 capacities, and O2 content as well as percentage O2 saturations Avere found to 
parallel those obtained from animals which had been subjected to the single 
standard hemorrhage. For all practical purposes, the temporaiy post-hemor- 
rhagic depression of percentage O 2 saturation Avas abolished by the repeated 
small hemorrhages, j^et the eAudence indicates that eiythi’opoiesis proceeds as 
after a single massive bleeding. 

Discussion. Source of bone blood. Although at present no definite state- 
ment can be made concerning the exact source of bone blood samples, certain 
inferences can be draiAna. For example, dissection and histological examination 
demonstrate that the tip of the bone sampling needle rests Avell AAuthin the 
confines of red marrow. This statement is substantiated by the presence in the 
draAAm blood of large numbers of immature erythrocytes and leucocytes as Avell 
as megakaryocytes and fat droplets. Additional information is provided by 
blood gas measurements. The O 2 saturation of normal bone blood AA’’hich is 
similar to that of jugular A'^enous blood is AA-ell beloAV that of arterial blood. 
Thus, on the basis of O2 saturation, A\'’e consider that bone blood is imnous in 
character. 

Blood samples can be obtained from punctures made in different regions of 
the head of the humerus as aa^cII as from several other bones. As mentioned 
previously, blood has been draum from the bone marroAVS of several different- 
animals commonly used in the laboratory. These statements suggest that- 
blood is not remoA’-ed from any single specialized vessel, but rather from a- 
diffuse series or netAimrk of i^essels common to dhmrse bones and animals. Mar- 
row A'-enous sinusoids Avould conform to the latter possibility since they are 
numerous, Aiide and highlj’- tjnpical of bone marroAv. 

Successively draAAm bone samples have been studied in a series of 6 animals. 
The average arterial O 2 content exceeded that of bone blood by 4.0 vol. per 
cent. Comparison of the O2 content of the first drop of blood from bone with 
the O2 content of a second drop of blood obtained from the same bone needle 
after 3 to 10 cc. of blood had been aspirated and discarded, shoAi'ed that no 
significant increase in O 2 content occurred. The failure of the O 2 content of the 
second drop of blood to approach the arterial O2 level suggests that eimn when 
10 cc. of blood are AidthdraiAm, the latter portion is obtained from imnous rather 
than from arterial sources. 

That large bone blood samples must in part be derived from extramedullary 
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vessels is indicated from the following measurement. The blood contained in 
the humerus was calculated .from the carbon monoxide capacity of an aqueous 
extract of the crushed bone. According to this determination the maximal 
blood volume of a single dog’s humerus was roughly estimated as 10 per cent 
on wet-weight basis. Volumes of blood which may easity be ■withdrawn far 
exceed this first approximation of the total quantity contained in the bone. 

In this study the major portions of all analyses were performed on the first 
0.15 cc. of blood which welled into the needle. During its passage through 
marrow substance the bone needle probably ruptures veins and venous sinusoids, 
dislodging clusters of parench 3 Tnal cells and fat globules. Material thus liber- 
ated is forced into the needle by the pressure of the blood. We believe that 
under these circumstances, small samples (0.1 to 0.2 cc.) are not contaminated 
bj'" extramedullary blood, but rather that they are representative of the blood 
present in bone marrow. 

Post-hemorrhagic anoxia. ■ Hemorrhage is a common method of producing 
eiythropoietic stimulation. As is well known, blood loss is followed by a tran- 
sient period of stagnant anoxia, Avhich is succeeded by a state of anemic anoxia. 
The interval of stagnant anoxia lasts the same length of time in the bone marrow 
as in the jugular venous blood. This is surprising, for marrow is generally 
visualized as a region of extremely sluggish blood floAv. 

If low O 2 saturation of bone marroAV blood be the stimulus for er}i;hro- 
poiesis, its influence must be exerted in from 3 to 5 hours. According to the 
data obtained from studies carried out at high altitude and in the low pressure 
chamber, short periods of low O 2 saturation and tension appear insufficient to 
accelerate red blood cell production (12). However, it can be postulated that 
even a 3 hour period of stagnant anoxia might act as a “trigger mechanism” in 
initiating erythrocytic regeneration. By the use of 6 small hemorrhages, 
spaced over a period of 3 days, the usual reduction in O 2 capacity was achieved 
■with little if any dimunition of percentage O2 saturation of bone and venous 
blood. Nevertheless, regeneration of lost erj'throcytes proceeded in a manner 
similar to that folloAving a single 30 per cent hemorrhage. The transient stag- 
nant anoxic phase appears to be of small importance since its abolition produces 
no discernible difference in regeneration rate. It is interesting to note that 
Warren’s (14) metabolic studies of bone marrow made in 'vdtro offer no support 
for the concept of erythroid cell stimulation by lowered O 2 tension. 

This conclusion suggests that if anoxia be the stimulus for erythropoiesis it 
must act during the period of anemic anoxia. At this time the red cell count, 
the heifiatocrit value, the O 2 content and the O 2 capacity of bone and venous 
bloods are reduced below the control values. The O2 saturation and O2 tension, 
however, lie within the ranges of the control determinations. The re ce 
count and 'the hematocrit changes are probably not concerned with marrow 
stimulation for these are not reduced by a degree of carbon monoxide saturation 
which eventually produces polycythemia (13). These observations sug-,es 
that the occurrence of post-hemorrhagic erythropoiesis at sea level O2 wessur 
is not dependent upon a decrease in erythrocyte numbers, but may be relatea 
a dcficiGD-cy in the O 2 content and the O 2 capacity of the bloo 
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Relation of red cell recovery to hlood reservoirs. The results reported in this 
paper are concerned only AAdth the changes which follow a single hemorrhage 
amounting to ,30 per cent of the circulating blood volume or to the response 
shovm by dogs in Avhich 30 per cent of their circulating red cells have been re- 
moved over a period of several days. Under these circumstances some of the 
recovery in hematocrit values, red cell counts, etc., may have occurred at the 
expense of blood reservoirs. Since the same pattern of recovery was seen fol- 
lovdng hemorrhage in 2 splenectomized dogs we are not inchned to attribute 
undue importance to the role of the blood reservoirs. Moreover, the reticulo- 
cytosis shonm in figure 3 suggests increased activity in the bone marrow. We 
are aware of the fact that the removal of 30 per cent of the red cells does, not 
produce maximal stimulation of the bone marrow. Nevertheless, hemorrhages 
of this magnitude can be followed by recovery of the red cell mass vdthout 
changes in the O 2 tension or saturation of bone marrow blood. 

SUMMARY 

A technique for the removal of blood samples from the interior of red bone 
marrow of the unanesthetized dog is described. 

Blood so obtained was studied during a period of erythropoietic stimulation 
induced by a single 30 per cent hemorrhage. Oo content, Oo capacity and 
hematocrit value of bone marrow and iugular venous blood are decreased after 
hemorrhage. A gradual recovery occurs during the follouong three weeks 
indicating red blood cell regeneration. Oo saturation and O 2 tension although 
markedly decreased immediately after a single hemorrhage return to control 
levels within 3 to 5 hours where they remain during the subsequent period of 
observation. 

Abolition of the transient decrease in O 2 saturation can be accomplished by 
repeated removal of small quantities of blood over a period of several days. 
Under these circumstances, the erythropoietic response is the same as that 
following the single hemorrhage. 
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It has been established that blood volume of man increases during exposure 
to heat and decreases during exposure to cold (1—3) but a description of the 
details of this phenomenon is lacking. Experimental studj'' is rendered difficult 
bj’’ the necessity for confining human subjects to a single room for days or weeks, 
b}'^ the complex manner in which environmental temperature influences blood 
volume, and b5'’ variation of the volume and composition of the blood with the 
season of the j’-ear (4). 

This report is limited to the effects produced by exposure (to either heat or 
cold) of about one week. It is possible that further important changes occur 
on longer exposure. Seasonal influences have been avoided to a great extent 
since a separate investigation of this phenomenon has enabled us to perform our 
experiments at times of the j’^ear suitable to our purpose. 

During the course of these e.xperiments, it was found that circulating plasma 
protein increases progressive!}'’ in amount during the day (waking) and decreases 
during the night (sleeping). Further study indicated that posture is the factor 
cliiefly responsible for these changes. 

Experimental jMethods and procedures. Analytical methods. The dif- 
ferential electric photometer of this laborator}’’ (4) was employed to determine 
concentrations of carboxyhemoglobin and of total hemoglobin. Calibration for 
optical density readings was made using grey glass filters of knovm transmission 
(determined by Bureau of Standards). A detailed description of this instrument 
has been published (4).^ 

Percentage saturation of hemoglobin with carbon monoxide is calculated 
from determination of transmission (T) of the green (X 546) and yellow (X 578) 
lines of mercury, employing the relationship given below. 


—log T546 _ Cl C + 62(1 — C) 

— lOgTsTS 63 C + 64(1 — C) 

Wliere ei and 62 are the respective extinction coefficients of carboxyhemoglobin 
and oxyhemoglobin for X546; ea and 64 are corresponding values for X 578; and C is 
the fraction of hemoglobin combined with carbon monoxide. 

It is convenient in actual practice to determine the relationships between 


1 This investigation was supported by a Life Insurance Medical Research Fund grant 

to Prof. H. C. Bazett. . u -n T\.r tt vrnv 

= Since this publication, changes have been made in the photometer by Nrs. M. L. ^ a. 
field and H. C. Bazett. These were necessitated I)y alter.ations in the .available mercurj 
vapor lamps. The changes made are indicated in an appendix to this paper. 
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extinction coefficients rather than actual values. 


pi 0-, 

Letting — = L; — = M; and 
62 ei 


- = N, we have 
62 

-log T 546 1 + C(L - 1) 

-log Tsvs LMC + N(1 - C) 

The value for L, determined using samples of pure carbox 3 ''hemoglobin and 
oxjffiemoglobin, is very close to 0.96, which is the value emploj^ed by others 
(4, 5). ■\ffilues fm- M and N seem to be dependent upon relatively slight modifi- 
cations of the apparatus and are changed in the same direction by anj'’ such 
modification. In our experience, values for hi and N lie within the limits 
0.745-0.747, and 1.104-1.114, respectively. Because of this variability, M and 
N should be determined at frequent intervals if absolute levels of carboxyhemo- 
globin are desired. For determination of differences between two samples in 
concentration of carboxyhemoglobin (as in blood volume estimation) the vari- 
abilitj'^ in values for M and N introduces an eiTor of only 1 to 2 per cent (in 
the estimate of blood volume) . 

The concentration of total hemoglobin is calculated fi’om determinations of 
transmission of the green line of mercurj’’ (X 546).® 

Hematocrits are obtained with tubes (six tubes are used for each determina- 
tion) which are centrifuged one hour at a speed of 2200 rpm with an arm length 
of 18 cm. Hematocrit values are multiplied by the factor (0.96) to correct for 
plasma contained between packed erythrocytes. Values given in the tables are 
so corrected. 

Protein concentrations of serum (or plasma) are estimated routinel}’’ from 
specific gi'avity determinations according to the technique described by Phillips, 
Van Styke et al. (6). The biuret method of ICingslej’’ (7) is also used occa- 
sionally. 

Preparation of hlood samples. For determining concentrations of carbox 3 ''r 
hemoglobin and of total hemoglobin, 0.4 cc. of heparinized blood is placed in a 
12 cc. centrifuge tube nearly filled with saline’ saturated with oxygen. After 
shaking, the tube is centrifuged (10 min.) and the supernatant fluid removed. 
The tube is then filled to the calibrated level with oxygenated 0.1 per cent 
Na 2 C 03 . The tube is shaken until hemol 3 ’'sis has occurred and again centri- 
fuged (1 hr.) to separate particulate matter. The optical^ clear supernatant 
fluid is transferred to a spectrophotometric cell for deteimination of light trans- 
mission. Care is taken udth samples that are to be analyzed for carboxyhemo- 
globin to prevent uimecessary exposure to air mth consequent loss of carbon 
monoxide. 

Determination of blood volume. Most of our observations (except those 

^ Values for hemoglobin concentration determined on this instrument are in close agree- 
ment with values obtained on the same solutions using a standard spectrophotometer. ■ We 
are indebted to Dr. D. L. Drabkin of the Department of Physiological Chemistry for an- 
alyzing several of our solutions for hemoglobin. 
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dealing with diurnal or postui-al effects) were made on subjects in the basal 
state. The general technique of administering carbon monoxide is similar to 
that emplo 3 ^ed previously (4) . _ Following a control blood sample (dravm without 
stasis from an antecubital vein), carbon monoxide (approximately 90 cc. in 5 to 
10 1. of ox 5 ’'gen) is lespired for 22 to 24 minutes. A second sample of blood is 
then taken. The difference between the two samples in carboxyhemoglobin 
concentration (in per cent) divided into the hemoglobin equivalent^ of the 
amount of carbon monoxide that has been absorbed,® is considered to repi’esent 
the total quantity of circulating hemoglobin (Total Hb). From this figure 
blood volume (B.V.) may be obtained using equation (1), and total protein 
(Total Pr), using equation (2). 


(1) B.V. = 


Total Hb 

Idbconc. 


(2) Total Pr = Prconc. X B.V. X (1 — 0.96 hematocrit) 
These equations may be combined to give equation (3). 

(3) Total Pr = Total Hb f— . hematocrit ) 

L Hbconc. J 


Letting the reciprocal of the e.xpression in parenthesis equal R, we have 


(4) ■ R = 


Total Hb 
Total Pr 


Hb 


conc» 


Pfcono. X (1 — 0.96 hematocrit) 


As indicated in equation (4) the ratio (R) of total quantity of circulating 
hemoglobin relative to total quantity of circulating plasma protein can be de- 
termined from data obtained on a single sample of blood. The ratio which is 
easily determined is useful in indicating whether or not a change in amount of 
hemoglobin relative to protein has occurred but, of course,, does not indicate 
which substance is involved. For example, the possibilit}'’ exists that the quan- 
tity of both hemoglobin and protein may change in the same direction to such a 
degree as to leave the ratio unaltered. 

Accuracy of determinaiions. Accuracy of estimates of total hemoglobin 
depend to a great extent upon the accuracj’" with which concentrations of carbon 
monoxide are estimated; however, other factors introduce sporadic errors. 
With our most precise procedure all values are probably correct to wthin ± 5 
per cent. Estimates of values for the i-atio of total hemoglobin to total plasma 
protein appear to have an accuracy of approximately the same degree. 


^ One and thirty-four one-hundredths cubic centimeters of carbon monoxide under stan - 
ard conditions (dry at 0°C and 760 mm.) is assumed to combine with one gram of henioglobi . 

6 Estimated to be 99 per cent of the amount of carbon monoxide introduce i 
respiratory apparatus. Purity of stock carbon monoxide is estimated ® 

oxygen. If stock carbon monoxide is stored under water, the proportion of oxj g 
gen is approximately the same as their proportionate solubilities in water under an 
phere of air. 
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Description of experiments. Environmental studies. Many of the data 
reported here were obtained on two young men® who were confined to a psy- 
chrometric room maintained at the temperature desired. In one experiment 
carried out during the latter part of July (summer experiment) the room was at 
first maintained uncomfortably warm (91°F., dry bulb;'82°F., wet bulb) for six 
days; then the room temperature was lowered and maintained uncomfortably 
cold (69°F., dry bulb; 60°F., wet bulb) for six days; tliis was followed by a period 
of four da 3 '^s in which the room was again maintained at the original uncomforta- 
bly warm level. In a second experiment, carried out in the latter part of De- 
cember and first part of January (udnter experiment), the room was at first 
maintained uncomfortably cold (69°F., dry bulb; 59°F., wet bulb) for two daj’-s; 
this Avas followed by a warm period (91°F., dry bulb; 83°F., Avet bulb) of seven 
days’ duration at the end of which time the room AA>^as again maintained at the 
original uncomfortably cold temperature for one-half day. 

Blood volume of each subject was determined on alternate mornings (8-9 a.m.) 
during these experiments. In the Aidnter experiment, samples of blood Avere also 
taken each afternoon (4-5 p.m.) and on those mornings that determinations of 
blood Amlume AA-ere not made. 

Diwnxal studies. The data obtained on mornings and evenings during the 
winter experiment (see above) were supplemented by determinations of Amlume 
and composition of blood of several laboratory AA'orkers at night (4-5 p.m.) and 
the folloAAing morning (fasting) after arriving at the laboratory. Subjects AA-ere 
instructed to aAmid extremes of temperature betAA^een the two determinations; 
otherwise enAuronmental temperature was not controlled. 

Postural studies. Preliminary postural studies AA^ere made during the course 
of experiments designed to study the influence of environmental temperature 
on blood volume (summer experiment). In these studies, subjects Avere required 
to stand for one half hour (folloAving routine blood volume determination in the 
resting, fasting state) at AA’hich time blood samples aabib again draAAm. Since 
subjects remained connected AAdth the respiratory apparatus during this period, 
these additional blood samples AA^ere analj’-zed for carbox 3 '’hemoglobm to deter- 
mine whether standing caused additional hemoglobin to appear in the circulatoiy 
system. 

In other postural studies, blood samples from fasting subjects Avere obtained 
at intervals throughout tAvo periods of four hours. In one of these two periods 
(scheduled a day or tAvo apart), subjects laj’' completelj’; at rest; in the other 
period, subjects sat passivelj'- in bed AAdth the back supported. Reading AA'as not 
allowed in either experiment. Room temperature Avas maintained constant at 
the same comfortable leA’^el throughout the experiments. 

The remaining studies on posture AA'-ere of longer duration (24-34 hrs). In one 
of these experiments, the time was diAuded into fir^'e periods of seven hours in 
AAJiich the subject Avas alternatelj’’ lying at rest (reading AA’as alloAA’ed) or sitting. 
In a second experiment, the subject lay at rest or slept for 12 hours and then sat 

' One subject was an American-born Japanese (Y) (age, 21; ht., 160 cm., wfc., 51.1 kgm.) • 
the other a native Porto Rican (R) (age, 23; ht., 178 cm., wt., 59.0 kgm.) . 
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for 12 hours. In a third experiment the subject remained in bed (reading or 
sleeping) for 34 hours. 

Control stiidies. ^ linown amounts of plasma protein^ were infused in four 
subjects to determine the exactness with ivliich changes in quantity of circulating 
plasma protein were estimated. Infusions were made at rates of 4-10 cc. per 
minute. In most instances determinations of blood volume were made before 
and subsequent to the infusion. Blood samples, taken at suitable intervals, 
indicated change^ in blood composition. 

Results. Environmental studies. During the first six (warm) days of the 
summei experiment there was ver 3 '’ little change in hemoglobin concentration or 
serum protein concentration (fig. 1). This was expected since the subjects had 
been exposed previousl}'- for several weeks to warm summer weather. lAdien the 
room was cooled at the end of the sixth day, both hemoglobin and serum protein 
quickl}’’ became more concenti'ated and remained so throughout the cold period. 
During the first part of the cold period, there was a decrease in total quantit}'’ of 
circulating serum protein, as shoum by the fact tliat the ratio of total hemoglobin 
to total serum protein increased without appreciable cliange in amount of total 
hemoglobin. On rewarming the room, liemoglobin concentration, protein 
concentration and total amount of protein approached levels existing previous to 
cooling. 

The Avinter experiment began with a cold period (two days) during which time 
the ratio of total hemoglobin to total serum protein attained approximately the 
level that existed during the cold period of the summer experiment. In the 
following warm period (7 days), protein concentration and hemoglobin concen- 
tration declined quicldj’- and remained at lower levels (fig. 2). The quantity of 
circulating plasma protein increased rapidlj’- at first and then more slowlj’- 
throughout this period as indicated bj'' the decrease in ratio of total hemoglobin 
to total serum protein Avithout change in quantity of total hemoglobin (fig. 2). 
At the end of the final cold period (one-half day) all values tended to approach 
levels existing during the first cold period. 

Diurnal studies. Analj'^sis of blood samples, taken dail}'' at 4r-6 p.m. during 
the AAunter experiment, showed a consistently lower (4 per cent) ratio of total 
hemoglobin to total serum protein than that shown in the morning (10 a.m.) 
(table 1). HoAAUA^er, data vrere not obtained at this time AAdiich permitted a 
decision as to Avhether total hemoglobin had decreased in amount during the da}’’ 
or whether serum protein had increased in amount. In a later study, detei- 
minations of total hemoglobin Avere made at night and the folIoAA’ing morning on 
several subjects who AA^ere alloAA’ed to follow their usual daily routines. Theie 
was no significant diurnal variation in amount of hemoglobin (table 2). In 
these experiments the aA^erage ratio of total hemoglobin to total serUmprotem at 

night AA’^as 5 per cent loAA^er than in the morning. 

Postural studies. Although the ratio of total hemoglobin to total serum 
protein AA’as not altered detectably* Avithin one-half hour after changing from 

7 Sharp and Dohroe, Philadelphia, kindly donated the plasma. _ . 

® The well -known alterations in concentrations of hemoglobin and p asma pro ein, 
occur on changing posture, were always observed in our experiments. 
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Fig. 1. Influence of environmental temperature on protein concentration (Fr), hemo- 
globin concentration {Hb), and the ratio (ff.) of total quantitj' of hemoglobin to total quan- 
tity of serum protein (summer experiment) , The numerals entered near each point in the 
graphs of the ratios are values (in kgm.) for total hemoglobin (determined by carbon mon- 
oxide). The psychometric room was at first maintained warm (IF) ; subsequently the room 
was kept cold (C); and finally the original warm conditions were reproduced. The first 
warm period was interrupted on July 10 by apparatus failure. The experiment was begun 
again on July 16 and was completed without further interruption. Subjects were E, and Y. 

Fig. 2. Influence of environmental temperature on protein concentration (Fr), hemo- 
globin concentration (ffb) , and the ratio (E) of total quantity of hemoglobin to total quan- 
tity of serum protein (winter experiment). The numerals entered near each point in the 
graphs of the ratios are values (in kgm.) for total hemoglobin (determined by carbon mon- 
oxide). Environmental conditions are indicated bj' C (cold) and W (warm). Subjects 
Were R and Y. 

Fig. 3. Influence of posture on protein concentration (Fr), hemoglobin concentration 
{Hb), and ratio (R) of total quantity of hemoglobin to total quantity of serum protein. 
These data were obtained on three male subjects (iV, F, S) who sat passively in bed or, in 
companion experiments, lay down for four hours in a room maintained at a comfortable 
temperature. Subjects were fasting and lay down for one-half hour before the experiments 
started. The two experiments (sitting and lying) on each subject were carried out within 
an interval of two to four daj's. 

Fig. 4. Influence of posture on protein concentration (Fr), hemoglobin concentration 
(Hb), and ratio (F) of total quantity of hemoglobin to total quantity of serum protein. 
The subject (F) alternately sat (5) or lay down (Lo) (Li indicates the subject slept most of 
the time) for seven hours for five consecutive periods. The time of meals (ilf) is indicated. 
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TABLE 1 

Influence of time of day on hemoglobin concentration, protein conceniraiion, hematocrit and 
raho {R) of total quantity of hemoglobin to total quantity of serum protein. 

Data were obtained during the winter experiment in the morning (a.m.) before breakfast 
nith the subjects lying at rest and in the evening (p.m.) before dinner with the subjects 
either in the sitting or lying position.^ Mean values for hemoglobin and protein concen- 
trations and for hematocrits are not given since evening samples were not obtained under 
uniform postural conditions. 


DATE 

Hb coNc. 

HEilAT. 

Pr CONC. 

R 

a.m. 

p.m. 

a.m. 

j p.m. 

j a.m. 

p.m. 

a.m. 

! P'lD* 1 

p.m. 

1 a.m. 


Subject R 


12-27 

16.7 

16.4 

0.453 

.453 

7.2 

7.2 

4.24 

4.17 

0.98 

12-2S 

16.6 

16.2 

0.457 

.447 

7.0 

7.0 

4.37 

4.19 

0.96 

12-29 

15.2 

15.7 

0.413 

.443 

6.4 

6.8 

4.05 

4.07 

1.00 

12-30 

14.6 

14.9 

0.404 

.413 

6.2 

6.7 

3.95 

3.79 

0.96 

12-31 

14.2 

14.4 

0.399 

.397 

6.2 

6.8 

3.81 

3.51- 

0.92 

1-1 

14.5 

13.5 . 

0.400 

.372 

6.3 

6.2 

. 3.84 

3.47 

0.90 

1-2 

14.3 

14.7 

0.390 

-404 

6.2 

6.8 

3.78 

3.63 

0.96 

1-3 

14.4 

13.9 

0.39S 

.383 

6.4 

6.3 

3.74 

3.58 

0.96 

1-4 

14.5 

15.1 

0.403 

.417 

6.5 

7.1 

3.74 

3.65 

0.98 


Subject Y 


■BM 


15.8 

0.452 

.449 

l2 

7.1 

4.21 

4.04 

0.96 


■SB 

16.1 

0.457 

.456 

7.2 

7.3 



■ 0.96 

12-29 

15.6 

14.5 

0.442 

.410 

6.S 

6.3, 

4.11 

3.90 

0.95 

12-30 

14.5 

14.9 

0.408 

.423 

6.4 


3.83 


0.96 

12-31 

14.5 

14.2 

0.415 

.403 

6.3 

6.5 

3.93 

3.66 

0.93 

1-1 

14.0 

14.6 

0.399 

.413 

6.3 

6.9 


3.61 

0.98 

1-2 

14.6 

14.2 

0.413 

.403 

6.5 

6.4 

3.83 

3.72 

0.97 

1-3 

14.7 

14.1 

0.409 

.416 

6.6 

6.9 

3.77 


0.93 

. 1-9 

14.3 

14.0 

0.404 

.396 

6.4 

6.4 

3.75 

3.62 

0.97 

ATpnn 

3.94 

3.77 

0.96 





TABLE 2 

Influence of time of day on hemoglobin concentration, protein concentration, hematocrit, ratio 
of total quantity of hemoglobin to total quantity of serum protein, and total quantity 
of hemoglobin {determined by carbon monoxide). 


Data were obtained in the morning (a.m.) and evening (p.m.) on several laboratory 
workers (see text). Determinations were made with subjects recumbent. Values for 
total hemoglobin are in kilograms. 



Hb coNc. 

HEMAT. 

Pr CONC. 

R 

TOTAL Hb 

SVBJ, 












p.m. 


a.m. 

p.m. 

■ a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

a.m. 


a.m. 

p 

15.3 

15.4 

0.420 

0.425 

6.2 

6.3 

4.26 

4.25 

1.00 

0.82 

0.77 

0.94 

s 

15,7 

15.6 

0.448 

0.451 

6.0 

6.4 

4.74 

4.44 

0.94 

0.8^ 

0.79 

0.99 

R 

14.8 

13.4 

0.403 

0.392 

6.4 

6.4 

3.87 

3.44 

0.89 

0.78 

0.82 

1.05 

p 

15.2 

15.1 

0.417 

0.418 

6.3 

6.3 

4.14 

4.12 

1.00 

0.84 

0.79 

0.94 

s 

16.2 

16.3 

0.469 

0.477 

6.0 

6.5 

5.08 

4.80 

0.94 

0.78 

0.82 

1.05 

y 

16.1 

15.1 

0.450 

0.422 

6.7 

6.5 

4.37 

4.02 

0.92 

0.64 

0.65 

1.02 

s 

16.1 

15.8 

0.464 

^452 

6.1 

6.0 

4.92 

4.80 

0.9S 

0.86 

0.83 

0.97 

'Mean 

15.6 

15.2 

0..439 

0.434 

6.2 

6.3 

4.48 

4.27 

0.95 

0.79 

0.78 

0.99 
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a lying to a standing position (table 3), evidence suggesting that this ratio was 
influenced by posture was obtained in studies lasting four hours (fig. 3). In all 
three subjects studied, this ratio was less at the end of the period of passive 
sitting than at the end of the period of lying down. Confidence in this result 

TABLE 3 

Influence of change in posture on hemoglobin concentration, protein concentration, hematocrit 
ratio of total quantity of hemoglobin to total quantity of serum protein, and total 
quantity of hemoglobin (determined by carbon monoxide). 

Data were obtained in the summer experiment on subjects lying in the basal state and 


after standing one-half hour. Values for total Hb are in kilogram. 



j HbcoNC. 

1 HEUAT. 1 

Pr COKC. 

R 

TOTAL Hb 

DATE 

1 

Lyng. 

Stdg. 

Lyng. ] 

Stdg. 

Lyng. 

i 

Stdg. 

Lyng. 

Stdg. j 

Stdg. 

Lyng. 

Lyng. j 

Stdg. 

1 Stdg. 

1 Lyng. 


Subject R 


7-9 

14.4 

15.7 


0.451 

6.6 

m 

3.78 

3.81 

1.01 

1.03 

0.99 

0.96 

7-16 

14.3 

15.8 


0.445 

6.7 

7.6 

3.69 

3.75 

1.02 

0.87 


1.13 

7-18 

14.1 

15.2 


0.442 

6.2 

7.3 

3.87 

3.73 

0.96 

0.98 

1.01 

1.03 

7-20 

15.6 

16.4 


0.476 


7.7* 


4.07* 


0.88 

Esa 

Isa 

7-22 

15.6 

16.6 


0.492 

7.0 

8.0 

4.05 

4.08 

1.01 

0.94 

mi 


7-24 

15.9 

16.7 


0.485 

7.0 

8.0 

4.22 


0.96 




7-26 

14.8 

16.1 


0.473 

6.6 

7.6 

3.86 


isa 

0.93 

mi 


7-28 

14.6 

16.1 

0.419 

0.456 

6.7 

7.5 

3.75 

3.95 


0.91* 




Subject y 


7-10 

13.7 

14.9 

0.399 

0.428 

6.1 

7.1 

3.74 

3.67 

0.98 

0.69 

0.66 

0.96 

7-17 

14.3 

15.1 

0.417 

0.438 

6.6 

7.1 

3.72 

3.78 

1.02 

0.63 

0.68 

1.08’ 

7-19 

14.3 

15.2 

0.420 

0.444 

6.6* 


3.74* 



0.65 

0.68 

1.01 

7-21 

16.2 

16.5 

0.481 

0.486 

7.3 

7.8 

4.28 

4.12 

0.96 

0.67 

0.68 

1.05 

7-23 

15.8 

16.4 

0.464 

0.480 

6.9 

7.7 

4.27 

4.10 

0.96 

0.64 

0.71 

1.11 

7-25 

15.6 

16.1 

0.447 

0.468 

6.9 

7,5 

4.09 

4.04 

0.99 

0.72 

0.71 

0.99 

7-27 

14.6 

15.4 

0.418 

0.435 

6.6 

7.1 

3.80 

3.84 

1.01 

0.66 

0.68 

1.03 

7-29 

14.3 

15.1 

0.417 

0.437 

6.5 

7.1 

3.77 

3.78 

1.00 

0.63 

0.66 

1.05 

Mean 

14.9 

15.8 

0.433 

0.459 

6.7 

7.5 

3.92 

3.91 

1.00 

0.79 

0.81 

1.03t 


Not included in calculating mean values. 

. t The increase in quantity of hemoglobin during standing is probably apparent rather 
than real. From work of others (13), it seems likely that about 3 per cent of the car- 
bon mono.xide present in the circulatory system would escape to body tissues during the 
half hour period. 

may be lessened somewhat by the fact that each subject did not begin the two 
e.xperiments (which were carried out on different days) with exactly the same 
ratio. The experunents in which a subject was confined to a room maintained 
at a constant temperature were more satisfactory. Alternate periods of sitting 
and recumbency caused the ratio of total hemoglobin to total serum protein to 
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Fig. 5. This figure is similar to figure 4; however each period lasted 12 hours. Total 
hemoglobin (in kgm.) was determined (by carbon monoxide) at the beginning, middle and 
end of the experiment. All determinations were made with the subject Ijdng down; for 
this reason graphs for hemoglobin and protein concentration are not continued through 
the sitting period (S). 

Fig. 6. This figure is constructed in the same manner as figure 4. The subject (R) lay 
down throughout the whole period of 34 hours. 

Fig. 7. Influence of plasma infusion on protein concentration (Pr), hemoglobin concen- 
tration (Hb), total quantity (in kgm.) of hemoglobin (determined by carbon monoxide) 
and the ratio (B) of total quantity of hemoglobin to total quantitj' of plasma protein fol- 
lowing an infusion of a volume of plasma containing 42 grams’ protein. Infusion was com- 
plete by the end of the first hour. Samples of blood taken 15-45 minutes later showed the 
ratio had declined 88 per cent of the theoretical amount. (The level that the ratio should 
have reached is indicated by a line in the figure.) In three other normal subjects who also 
received infusion of plasma, the ratios 15-45 minutes after the infusion had declined 00, 
68, and 102 per cent respectively of the amount expected theoretically. 

Fig. 8. The wave lengths of the light in m/i are plotted as abscissae and the per cent 
absolute transmission as ordinates. Since a mercury vapor lamp source is utilized with 
little background light between X546 and X578, most of the energies transmitted b}' the two 
filters are at those wave lengths. The curve to the left represents the green, that to the 
right, the yellow filter. Both represent the combinations used without the inclusion of 
Kalichrome Ci 
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decrease or increase respectively. Results of some of our experiments are 
sliomi in figures 4, 5 and 6. Changes in the ratio occuiied iiiespective of time of 
day and were not related to meals. The ratio appeared to increase somewhat 
more rapidly during sleep than during periods of recumbency in which the subject 
was awake. Possibly the gi-eater activity during the periods of wakefulness 
(reading was allowed) was responsible for this difference. 

It was found in representative experiments of this study of posture that hemo- 
globin remained constant in quantity (fig. 5) ; consequently alteration in quantity 
of serum protein was responsible for alteration in the ratio of total hemoglobin 
to total plasma protein. 

Plama infusion. Our procedures estimate with reasonable accuracy the 
magnitude of alteration of plasma protein resulting from plasma infusion. Data 
obtained in one experiment are shovoi in figure 7 and a summary of the pertinent 
results of three other experiments are described under the heading of tins figure. 

Discussion. We have utilized extensively throughout this study the easily 

r total hemoglobin "j . , . , . j. 

determinable ratio “ n — 1 as an index of change in quantity of 
_total plarma protem_ 

hemoglobin relative to quantity of plasma protein.® In all of our experiments 
of short duration, ive have assumed that hemoglobin remained constant in 
amount and that a change in tliis ratio signified a change in amount of circulating 
plasma protein. Determinations of total hemoglobin (by carbon monoxide) 
in representative experiments justify this assumption in our studjL 

It is probable that hemoglobin remains very constant in amount for long periods 
in normal individuals, since onty about one per cent of erythrocytes are destroyed 
and replaced daily (8). In a nearly completed study in which total hemoglobin 
was determined at short intervals over a period of more than a year, we have 
found the quantity of hemoglobin to be very constant in each indhdduaP”, 
except during the summer when circulating hemoglobin is increased in quantity 
(by 10 to 15 per cent). 


The validitj'' of our procedure for estimating changes in amount of circulating 
protein is also indicated by the fact that we are able to estimate fairly accurately 
the increase in quantity of circulating protein induced by plasma infusion. 
However, it is recognized that absolute values for clranges in amount of plasma 


protein are in error to the extent that the ratio a sample 

plQ^SniQ; pi'OttBUl 

of blood from an antecubital vein differs from the ratio for the circulatory system 
as a whole. If there is an excess of plasma over red cells in arteriolar or other 


small vessels amounting to about ten per cent of the total plasma (9), our esti- 
mates of magnitude of change will be in error to that extent. 


Effects of environmental temperature upon blood volume have been reported 


® In some of the studies, plasma protein was determined; in others, serum protein (see 
legends of tables and figures). Since these differ in quantity by only a small amount, the 
term plasma protein is used for either to simplify discussion. 

“ Most values are within 5 per cent of corresponding mean values. Since technical er- 
rors would cause this degree of variation, it is probable that the quantity of hemoglobin 
IS more constant than is suggested by our data. 
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previous^ by others (1, 2, 3). In our experiments in which subjects were ex- 
posed to a given en%dronment for about one week, we found that changes in 
plasma volume accounted entirely for alteration in blood volume. Plasma 
volume was increased in the heat by simple dilution (as indicated by a lower 
protein concentration) and by an increase in total amount of protein. In a 
typical instance blood volume’ of subject II was estimated to increase on ex- 
posure to heat from 4.91 liters (on 12-27) to 5.62 liters (on 1^), making a total 
increase of 0.61 liter. These calculations are based upon values from figure 
2 for total hemoglobin (0.82 and 0.80 ‘kgm. re'siiectively for the above dates) 
and values from table 1 for morning hemoglobin concentrations (16.7 and 14.5 
grams 100 cc. respectively). It may further be calculated from the above blood 
volume estimates and from hematocrits of table 1 that plasma volume increased 
0.61 liter (from 2.68 to 3.29 litei’s) and that plasma protein increased in quantity 
from 193 to 214 grams. The concentration of plasma protein declined from 
7.2 to 6.5 gi'ams/100 cc. The reverse changes occurred in the cold. 

It is possible that alteration in concentration of plasma protein is only tem- 
porary (a few weeks) since in our experiments there seemed to be a tendency 
for plasma protein concentration to return toward intermediate levels during 
exposui’e to the temperature extremes. This interpretation is supported by the 
fact that plasma protein concentration of men in the tropics (10) is not main- 
tained at levels lower than those considered normal for temperate climates. 
We have not observed any change in quantity of circulating hemoglobin during 
these experiments, though this has been observed by others. Perhaps the 
reason for this discrepancy is individual variability in speed and degree of re- • 
sponse to environmental temperature. It is also probable that some of the 
earlier studies were complicated by seasonal variations in hemoglobin which are 
of rather large magnitude. However our results appear to be in agreement with 
those obtained recentlj’- (11) in another laboratory. 

r total hemoglobin "] 

During the winter experiment, it was found that the ratio plasma protein J 

was smaller at night than in the morning by approximately four per cent (table 
1). This was tentatively interpreted to mean that extra plasma protein vas 
added to the circulatory system during the day and removed at night, since it 
seemed unlikely that diurnal changes of this magnitude could occur in hemo- 
globin. This interpretation was confirmed in subsequent experiments (table 2) 
which showed that the quantity of hemoglobin (as determined by CO) was 
approximately the same at night as in the moi'ning. ^ 

Further study of diurnal variation in amount of plasma protem indicates 
that bodily posture is an important causal factor. Plasma protein increases 
or decreases progressively in amount (according to whether subjects are erect 
or recumbent, respective^) for as long as we have made observations ( rs., 
sitting; 34 hrs., bung). It seems likely that this phenomenon is rented to the 
decrease in plasma volume which has been reported in studies on le e ec s 

of prolonged bed rest (12). . c i + • 

We have not yet determined whether changes in quantity of plasma protein, 
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wHch are induced hy alteration oi environmental temperature or posture, are 
brought about by storage and liberation or by production and destruction of 
protein. 


SUMMARY 

1 . Modification of the volume and composition of the blood induced by chronic 
exposure (several days) to uncomfortably warm and uncomfortably cold en- 
vironments and by prolonged maintenance (several hours) of the erect or re- 
cumbent posture were investigated. 

2. The concentrations of plasma protein and hemoglobin decreased on ex- 
posure to heat and increased on exposure to cold. 

3. Plasma protein increased progressively in amount during the first few 
days of exposure to heat and decreased somewhat more rapidty on exposure to 
cold. These changes probably are permanent adaptations to the environment. 

4. A measurable change in amount of circulating hemoglobin did not occur 
during an exposure of a week to either environmental extreme. 

5. Plasma protein increased in amount when the upright position was main- 
tained and decreased progressively in the recumbent position. A detectable 
change in amount of circulating hemoglobin did not occur during these experi- 
ments, which lasted several hours. 
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APPENDIX 

Modifications of the Optical Filters and Photocells 
Adopted to Improve Stability 

M. E. MAXFIELD and H. C. BAZETT 

After publication of the original method, instabilit 3 '’ developed which was 
associated with the use of later samples of General Electric AH4 mercurv vapor 
lamps, which differed from those obtained earlier. The original filters were 
designed initially for use with R. C. A. photocells 917 and 919 and had unneces- 
sarily low transmissions for the red end of the spectrum, to which 929 photocells 
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Meie insensitive. Stability was found to be decreased by reducing the trans- 
mission of the red end of the spectrum and increased by a similar change at the 
\dolet end. Probably this instability depended to some extent on a variable 
degree of contamination of the signal lights by some band of shorter wave length. 
An additional factor appeared to be the small size of the plate of the 929 photo- 
cells, vdth occasional scatter of light beyond the sensitive margin of the cells. 
This piobably depended on the use of hand-made absorption cells of soft glass 
which were not completely optically flat. As the result of difficulties imposed 
by the war, corrections of these sources of error were discovered empiricalty 
on the basis of tests for stability, Avhen the lamp used, the voltage on the lamp,, 
and the room temperature were vaided. 

To improve -the mechanical arrangement 929 photocells u^ere replaced by 
R. C. A. 935 photocells (then in development). These photocells are of larger 
size than the 929 but have a similar spectral sensitivity. A number of these 
were obtained and were found to be usable interchangeably except for a single 
cell which was aberrant and had to be discarded. The absorption cells -svere 
replaced also udth others of pyi-ex glass made mechanically and optical^ flat. 
One part of the light filter ultimate^ used was a 2 mm. thick Kalichrome C 
glass made by Bausch and Lomb. One of these was inserted on each side in 
the tube connecting the photocell box with the bellows, and the insertion was 
made approximately air-tight. This prevented the heat from the lamp drawing 
room air through the photocell boxes and consequent^ made it easier to main- 
tain diy both these boxes and the electrical equipment within them. 

The filter finally used for X546 was didjonium (Corning) 10 mm., Corning 
351, 5.9 mm., Wratten 62 cemented between these, and Kalichrome C 2 mm. 
(Bausch and Lomb) mounted separately at the entrance to the box as ahead}'' 
described. That used for A 578 was the Zeiss A combination but Avithout the 
additional Jena B. G. 7 previously emploj'ed. Instead an additional filter 
of Corning 348 with a thiclcness of 4.7 nun. was cemented to the Zeiss A com- 
bination. The filter for A 578 Avas also reinforced by the Kalichrome C (2 mm.) 
present in the tube. In the absence of the B. G. 7, the 3 ’'elloAA’^ filter alloAA’^s con- 
siderable transmission of a band in the red of AA'aA^e length above 670 mti and 
AAoth a maximum of about 3 per cent transmission at a AA-ave length of 708 m/i. 
This band is bej’-ond the range of sensitivity of the 935 or 929 photocells. It 
does not appear necessary to remoA'^e it, if these photocells are used. 

The transmission A'^alues of the filters, Idndly determined for us b}’^ Dr. D. L. 
Drabkin, are shoA\m in figure 8. OAA'ing to the higher sensitmty of the photocells 
to the violet end of the spectrum the maximal energy value of light should be at 
A 546 for the green and A 578 for the j^eUoAv filter. The addition of Kalicffi’ome 
C to these filters should have no appreciable effect on the transmission in the 
AvaAm lengths used other than some diminution of light by reflection. 

In the absence of sources of supply for Zeiss A filters or of Jena glass, a neAV 
combination for yelloAV is required. HoAA-eA^er, tests of new filter combinations 
aAAmt a conA'-enient time Avhen they AAdll not interfere Avith other Avork. 
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Clinical experience and experimental studies have shown that y.dthin certain 
limits the changes produced by hemorrhage may be reversed if blood volume 
is restored by infusion of plasma. The present study was planned to evaluate 
the effectiveness of certain plasma substitutes under conditions of circulatory 
deficiency usually reversible by plasma therapy. 

The plan of study included 1, response of normal rabbits and dogs to infusions 
of the fluids under investigation; 2, response to the fluids given immediatel}’’ 
following massive hemorrhage (B.P. — 20 mm. Hg), and 3, response to the fluids 
given after one hour of hj’potension (30 mm. Hg) produced by hemorrhage. 

Although the maintenance of a satisfactory blood volume is the primary pur- 
pose of a plasma substitute, no one empirical criterion, such as blood volume or 
survival for a limited time, gives entirely satisfactory evidence for comparing 
the efficacy of colloidal fluids. An empirical comparison of blood substitutes 
has been made by several investigators by substituting the fluid under investiga- 
tion for the volume of blood removed during the first hemorrhage (Hi) and sub- 
jecting the same animal to a second hemorrhage (H?) for the arrival at an H 2 
to Hi ratio (2, 4-7). 

In this study response to a second bleeding was considered in addition to 
survival and changes in blood pressure, hematocrit and plasma protein concen- 
tration. 

Matekials and methods. The following infusion fluids were tested: 

(1) Modified human globin (3.3 grams per 100 cc.)." 

(2) Modified dog globin. 

(3) Oxypolygelatin (5.0 grams per 100 cc.).^ 

(4) Human serum albumin (25.0 grams per 100 cc.).^ 

(5) Human serum albumin (5.0 grams per 100 cc.). 

(6) Human hemoglobin (7.0 grams per 100 cc.).® 

(7) Whole blood. 

^ The iiork described in. this paper was done under a contract, recommended bj' the 
Committee on iMedical Research, between the Office of Scientific Research and Develop- 
ment and the University of Pennsylvania. 

-Smith, lOine and French Laboratories, Lots E2644 and E4444b 

’Lot 113S1Y 

^Lederle Laboratories, Inc., Lots 119H341H, K, L, M and 119H329K. 

’ Sharp and Dohme, Lot 1029H.A. 
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(8) Heparinized pooled plasma (routinely prepared). 

(9) Heparinized pooled plasma (especially prepared from heparinized donors). 

(10) Physiological saline solution. 

Both globin preparations were made under the direction of Dr. Max Strumia. 
The dog globin was an experimental batch and was not entirely satisfactoiy 
according to the chemical criteria established for modified human globin. 

Oxypolygelatin was developed to provide fluidity at room temperature and 
optimum retention in the circulation after infusion (8). The original colloid 
osmotic pressure was about 58 mm. Hg, but the lot used contained a small 
amount of gelatinous precipitate which was filtered out immediately before use. 

The 25 per cent human serum albumin also contained a macroscopic precipi- 
tate in the case of 5 lots. The 5 per cent solution was prepared from the 25 
per cent by dilution with physiological saline solution. 

The human hemoglobin solution was supplied by the Medical Research 
Division of Sharp and Dohme. 

Blood for plasma pools was obtained by rapid bleeding of lightlj' anesthetized 
animals to the point of respiratory distress (2.5 to 5.0 Toronto units of heparin 
per cc. were added as an anticoagulant in the container into which the blood 
was dravm). The plasma pools were stored at 4° to 8°C. for twenty-four hours 
or more. 

Blood for autotransfusion and for plasma designated as special plasma was 
obtained from heparinized animals (100 Toronto units per kilogram of body 
weight), and 5 to 10 units of heparin per cc. were added after withdrawal. Glass 
cannulas were used for removal of blood from all donors, and all donors were 
lightly anesthetized. Such plasma pools were stored at 4° to 8°C. for three to 
twenty-four hours. 

Experimental procedures. Genei'al methods. Healthy dogs weighing 
8.0 to 12.0 kgm. were isolated in individual cages and fed a balanced diet for a 
week or longer. For sixteen hours prior to an experiment food was Mthheld 
but water was available. 

All equipment used for blood collections and infusions was chemically cleaned 
and heat sterilized. 

Small blood samples were taken by arterial needle puncture and kept fluid 
by additions of 0.25 mgm. of heparin per cc. In animals with prolonged hypo- 
tension a needle was left indwelling in the jugular vein for this purpose. 

Hematocrit determinations were made in Wintrobe tubes centrifuged for 
one hour at 2,500 R.P.M. (radius to bottom of tube 14.0 cm.). The protein 
content of plasma was measured with the falling drop method of Barbour and 
Hamilton (1) using the formula of Weech, Reeves and Goettsch (9) for conver- 
sion of specific gravit 3 '’ to protein content. In the presence of injected herno- 
globin the specific gravity deteiminations were unsatisfactory and are not in- 
cluded in this study. 

All fluids infused into dogs following hemorrhage were given at a temperature 
of 28° to 32°C. 

Administration of infusion fluids to normal dogs and rabbits (not subjected to 
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hemorrhage) for observations of -possible untoward effects. The material to be 
tested was infused in a volume equal to 2 per cent of body weight by means of 
a needle introduced into a jugular vein in dogs. In rabbits a needle was intro- 
duced into an ear vein. The rate of infusion was 4.0 cc. per kgm. per minute 
except in the case of globin when slower infusion rates were often employed. 
In dogs a femoral artery was cannulated under local anesthesia in order to 
record blood pressure. 

First hemorrhage procedure (immediate replacement of the blood withdrawn by 
the infusion fluid to be tested). The steps in this procedure were as follows: 

1. Anesthesia. A slow intravenous injection of a maximum of 24.0 mgm. per 
kgm. of pentobarbital sodium was given as the initial dose. 

2. Cannulation. A femoral artery was cannulated for determining mean 
arterial pressure and for withdrawing blood. A sterile 10 per cent sodium 
citrate solution was used in coimecting the arteiy to the mercury manometer. 
A 15 gauge needle was inserted into the jugular vein and left indwelling for 
infusions. When not in use it was kept filled with heparinized saline. 

3. First hemorrhage. About thirtj'- minutes after anesthetization the dogs 
were bled at the rate of 4.0 cc. per kilogram per minute to a blood pressure 
end-point of 20 mm. Hg. Blood collections were made in 200 cc. bleeding bottle 
units. Delays of a few seconds each w'ere necessarj'’ for changing the bleeding 
tubes. During the change the cannula was flushed and emptied of sterile 
citrate solution by a syringe system. Blood lost in making bleeding unit changes 
was noted in the total withdrawal volume. The rate usually slowed fairly 
markedly during the last minute or so as the end-point was approached. An 
end-point near 30 mm. Hg was necessaiy in three animals due to temporary 
respiratoiy failure. 

4. First infusion. Within one minute of the completion of the first bleeding 
an infusion of the material to be tested was started. The amount and rate of 
this infusion corresponded to the amount of blood removed and the rate of its 
withdrawal. 

5. This first infusion was followed by a three hour period of observation. 
Small supplementary doses of pentobarbital sodium were given to maintain 
light anesthesia when required. 

6. Second bleeding. The animals were bled at the same rate (4.0 cc. per 
kgm. per minute) and to the same end-point (B.P. = 20 mm. Hg) as before and the 
volume of blood withdrawn carefully measured for comparison with the first 
bleeding. 

7 . Immediately after the second bleeding was completed a second infusion was 
begun. This infusion was composed of the ei^dhrocytes removed at the first 
bleeding suspended in the same kind of fluid used for the first infusion. The 
volume replaced at the second infusion was equal to the volume of the first hem- 
orrhage. The animals remained in a supine position until one hour following the 
second bleeding. After ligation of the femoral arterj'' the wound -was irrigated 
with copious amounts of sterile saline solution and closed by suture. 

A modification of Procedm-e I with an end-point of 30 mm. Hg and infusion 
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rates of 0.5 to 1.0 cc. per kgm. per minute was used in two experiments vnth 
globin. 

Second hemorrhage 'procedure {an hour of hypotension before replacement of the 
blood withdrawn by the infusion fluid to be tested). This procedure differed from 
the first hemorrhage procedure as follows: 

The first bleeding was tei-minated when the blood pressure fell to near 30 mm. 
Hg. By repeated careful small blood withdrawals or injections an average mean 
pressure level of 30 mm. Hg was maintained for one hour. A small portion of 
blood from the initial bleeding was kept at room temperature for these injections 
(using 5 Toronto units of heparin per cc.). 

At the end of the hour of hypotension an infusion of the material to be tested in 
a volume equal to the first bleeding® was given, but the rate was only 2.0 cc. per 
kgm. per minute. The second bleeding was begun three hours after the first 
infusion. 

In the case of 25 per cent albumin both rate and volume were reduced to one- 
fifth that used for the other fluids, and the ei’jdhrocyte suspension was made with 
5 per cent albumin solution for the second infusion. 

Methods of analyzvig the data. When values for the liematocrit and plasma 
protein concentration obtained postinfusion and the volume of the second bleed- 
ing were expressed as per cent of a control observation made in the same animal, 
the results gave clear patterns both in Procedure I and Procedure II. 

The following were chosen as the control values: 

(1) Serum protein concentration before anesthesia. 

(2) Hematocrit before the first infusion. 

(3) Blood pressure level between anesthesia and first hemorrhage. 

Bleeding volume index was expressed as the ratio of the second hemorrhage to 

the first in Procedure I. 

In Procedure II the volume of first bleeding to the time the end-point was 
first reached was used as the denominator. This same figure was used to deter- 
mine the volume of the first infusion. 

Results. Observations of the effect of. various infusions in normal animals 
{not subjected to hemorrhage). (1) Rabbits. The fluids under investigation 
produced no obvious unfavorable reactions. 

(2) Dogs. Human and dog globin (at 4.0 cc. per kgm. per min.) caused un- 
toward reactions w'hich included respiratory distress, vomiting, flushing of the 
sldn and urticaria. With infusion rates of 2.0 to 4.0 cc. per kgm. per minute the 
blood pressure fell to levels 52 to 75 per cent below the control level, but infusion 
rates up to 1.0 cc. per kgm. per minute produced insignificant pressure changes. 

Human serum albumin (5 per cent), oxj'polygelatin, and heparinized dog 
plasma produced no obvious untoward reactions during infusion. However, 
follovdng infusion of standard heparinized plasma (stored twenty-four hours or 
more) dogs developed cutaneous wheals and occasionally facial edema.' 

Special plasma seldom caused these cutaneous reactions. 

6 The first bleeding averaged 7.0 cc. per kgm. less than the total volume of blood removed. 

■ Further study of this reaction and the methods of avoiding it are in progress. 
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The plasma of dogs which had received human serum albumin always devel- 
oped an icteric tint by one and one-half hours after infusion though tests for 
bilirubin gave values which did not exceed 0.5 mgm. per 100 cc. 

Sedimentation rates were accelerated markedly by ox^ipolygelatin and slightly 
by heparinized plasma. They were decreased by globin, hemoglobin, 5 per cent 
albumin and physiological saline solution. 

Results icith the first bleeding procedure. The average volume of blood removed 
to reduce the blood pressure from the average initial level of 148 mm. Hg to the 



Fig. 1. Mean blood pressure changes for the several groups of animals subjected to 
bleeding to a blood pressure end-point of 20 mm. Hg and immediately infused (Procedure 
I). Each curve represents the animals infused with one preparation. B = whole blood 
(autotransfusion); P ~ plasma; SP = special plasma; H = hemoglobin; 0 = oxypoly- 
gelatin; 5- A = 5 per cent albumin; NaCl ~ physiological saline solution; HG = human 
globin. 

selected end-point of 20 mm. Hg was 51.7 cc. per kgm. ’ No animals died before 
the first infusion. All of the infusion fluids except rapidly infused globin restored 
and maintained the blood pressure satisfactorily though the promptness of the 
response varied (fig. 1). 

The bleeding volume index, which we regarded as the best single criterion for 
evaluating the infusion fluids, was highest for whole blood, 95 per cent; and human 
serum albumin, 88 per cent. At the other extreme was modified human globin, 
0 and 43 per cent (51.7 per cent with a modified procedure) and dog globin, 0 and 
13 per cent (34 per cent with a modified procedure). In the inteimediate range 
uas saline, 48 per cent; standard plasma, 65 per cent; hemoglobin, 73 per cent; 



646 


A. S. HAlillliTON, TV. M. PARiaNS AND F. TVALTZER 


oxypolygelatin, 79 per cent and special plasma (from heparinized donors), 81 per 
cent. 

We understand that further improvements in the manufacture of modified 
human globin have been made since experiments were done. 

Hemaiocrii and plasma protein conceniraiion change. ' The hematocrit and. plas- 
ma protein changes are shoTvn graphically in figures 2 and 3 respectively. Each 
line represents the average for all dogs receiving one infusion fluid. 





The individual cuiwes for protein concentration showed 
from the average. For instance, the values at one and one- ^ \ ^ 

fusion ranged from 65 to 69 per cent of the initial value m five do^s in d tn 

physiologiLl saline solution and from 69 to 78 per cent in six dogs 
L^olygelatin. The individual curves for hematocnt changes " 

ably uniform following infusions of phj^siological saline solution but } 
indfvidual variations were present following infusions 
may have been related to an effect of this material on the disti ibution of 

cells. 
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Survivals. Physiological saline solution permitted indefinite survival follovnng 
Procedure I. No replacements were made in the autotransfusion group after 
the second hemorrhage, and death occurred in about thirty minutes. Two of 
three nriimak dying of respiratory infections in the week following the experi- 
ment exhibited rapid erythrocyte sedimentation as evidence of probable mor- 
bidity prior to bleeding. Table 1 lists the survivals during the first week for 
Procedure 

Results with Procedure II {infusion after 1 hr. of hypotension): With this pro- 
cedure it was observed that dilution of the circulating plasma occurred during the 
period of hypotension but was largely complete in thirty minutes. The average 



Fig. 3. Mean changes in plasma protein concentration in animals subjected to hemor- 
rhage (to B.P. of 20 mm. Hg) and immediate infusion. Each curve represents the results 
obtained with a single fluid. 


initial bleeding was 42.4 cc. per kgm., but the additional bleeding required to 
maintain the hypotension for one hour averaged 7.2 cc. per kgm. more. One dog 
died during the hypotensive period. Data on all of the other dogs have been 
included in table 2. 

Globin, whole blood and standard plasma were not employed with Procedure 
II, but all of the other materials produced a blood pressure rise. The levels 
ranged from 64 to 117 mm. Hg immediately following infusion and were similar 
for all groups. One animal receiving hemoglobin died in the course of the infu- 
sion after the B.P. had reached 60. 

The pressure was maintained in every animal in the groups infused uuth 5 per 
cent albumin and special plasma. 

The second bleeding was not carried out either because the dog had died or be- 
cause the B.P. had already declined to the 30 mm. Hg end-point in 60 per cent of 
the animals receiving ph3^siological saline solution, 20 per cent of the group re- 
ceiving 25 per cent albumin and 50 per cent of those receiving hemoglobin solu- 
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TABLE 1 


Experimental procedure I — immediate infusion 


INTUSION FLUID 

EXP. NO. 

INITIAL 

BLEED- 

ING 

SECOND BLEEDlNt 

HEMATOCElr (vOL. %) 


Prein- 

fusion 

Postinfusion 

SUEVrVAJ., 7 DAY PEEIOD 

cc./kgm 

. B.V.t 

2 min. 

3 hr. 




cc.lkgm. 


\Pcr ccfii 

t 




Autogenous blood 

B1 

53.6” 

50,0 

94.4 

36.0 

35.4 

42.5 



B2 

40.5” 

42.3 

104.0 

44.5 

48.2 

49.0 



B3 

42. 2’* 

30.2 

85.0 

38.3 

40.2 

42.2 


Physiological sa- 

SI 

60.0 

30.6 

50.1 

45.2 

22.2 

32.2 

+ 

line solution ‘ 

S2 

53.4 

20.1 

48.8 

42.5 

24.1 

32.0 

+ 


S3 

53.0 

22.0 

42.0 

38.2 

20.0 

25.1 



S4 

50.7 

23.0 

45.2 

38.2 

19.0 

20.4 

+ 


S5 

49.0 

20.0 

53.5 

37.0 

18.7 

25.5 

+ 

Heparinized 

PI 

53.3 

32.8 

01.4 

40.0 

14.2 

17.7 

+ 

pooled plasma 

P2 

4S.S 

31.1 

63.0 

46.0 

13.1 

19.5 



P3 

47.0 

29.1 

62,0 

42.4 

19. 0 

23.3 



P4 

44.2 

31.8 

72.0 

41.5 

10.7 

23.1 

+ 


P5 

48.0 

32.4 

67.7 

42.9 

17.8 

22.8 

+ 

“Special” plasma 

SPl 

50.5 

40.7 

80.6 

44.0 

17.4 

25.2 

Died 5th day— Pneumonia 


SP2 

47.8 

38.9 

81.3 

20.4 

11.1 

14.4 

+ Severe anemia 

5% human serum 

A1 

57.4 

44.4 

77.3 

39.7 

16.9 

23,0 

Died Cth day— Pneumonia 

albumin 

A2 

42.5 

40.3 

94.8 

43.1 

18.5 

23.0 

Died 3rd day— Purulent empyema 


A3 

53.7 

50.0 

93.2 

47.9 

10.3 

19.3 

+ 


A4 

47.2 

37.3 

79.0 

41.3 

11,5 

13.1 

+ 


AS 

57.6 

54.8 

95.2 

40.4 

14.3 

15.4 

« 

7% human hemo- 

HI 

52.0 

41.0 

SO.O 

38.0 

11.8 

19.0 

+ 

globm 

H2 

54.7 

29,7 

54.4 

42.2 

13.6 

19.1 



H3 

42.8 

35.7 

83.4 

35.0 

12.7 

12.0 

+ 

5% oxypolygelatin 

01 

54.0 

38.0 

70.7 

42.3 

9.8 

21,4 

+ 


02 

00.8 

44.1 

72.5 

40.0 

7.5 

11.2 



03 

50.3 

40.3 

80.1 

36.7 

9 2 

12.4 



04 

45.2 

37.8 

83.8 

42.1 

17.4 

20.5 

Died at end of 2nd infusion 


05 

01.3 

49.1 

80.1 

46.3 

15.8 

13.5 



06 

51.7 

43.7 

84.7 

44.7 

15.9 

19.3 


Modified human 

HGl 

45.0 

19.4 

42.8 


17.4 

27.3 

Died during second infusion 

globin 

HG2 

47,4 

0 

0 




Died during first infusion 


HG3* 

51.4 

26.8 

51.7 

45.2 

19.6 

29.4 

+ 

Modified dog 

DGl 

52.0 

0 

0 




Died during first infusi on 


DG2* 

40.0 

15.8 

34.5 

36.9 

21.7 

27.3 



DG3 

50.7 

7.3 

12.8 

42.8 

23.9 

32.1 

Died during second infusion 


• A modification of Procedure I was used. . . _ 

*• Volume of blood returned ; 3,6 to 5.4 cc./kgm. of blood was lost bj' manipulations used to insure satisfactory ui i j 

# No fluid replacement following the second hemorrhage. Death occurred within 30 minutes after t le secon le 


t The second bleeding volume expressed as the per cent of the volume replaced following the first hemorrhage 
represents the “BleedingVolume.” 


tion. Consequentlj’- the following comparison of bleeding volume indices entails 
a selection of experiments: 

With special plasma the average bleeding volume was 66 per cent, with 5 per 
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cent albumin, 59 per cent; and ivitb 25 per cent albumin (in those that lived), 57 
per cent. Oxypolygelatin gave an average of 48 per cent; physiological saline 
solution, 28 per cent; and the hemoglobin, 19 per cent. In the case of the oxy- 
polygelatih there was a rather wide range, but it was well correlated ndth the 
hemodilution just before the second hemorrhage. 

TABLE 2 


Experimenlal procedure 11— delayed infusion 



EXPER. 

NO. 

INI- 

riNAL 

NET 

BLOOD 

HEMATOCRIT 

(VOL.%) 

B.P. AT 3 

SECOND 

BLEEDING 

SURVTVAI., 24 HOOT PERIOD 

mrvsion rtvin 

TIAL 

BLOOD 

Prein- 

Postinfusion 

POSTIN- 





LOSS 

LOSS 




cc./ 

kgm. 







fusion 

2 min. 

3 hr. 


B.V. 




cc.j 

igm. 

CC./ 

kgm. 




mm. Hi 




Physiological 

2-Sl 

51 0 

54 6 

41.7 

24.5 

37.6 

114 

17.7 

34.5 

Pied at end of 2nd infusion 

saline solution 

2-S2 

40 0 

50.3 

45.7 

27.9 



0 

0 

» 


2-S3 

48.2 

52.9 

37.7 

20.1 


31 

0 

0 

0** 


2-S4 

, 42.8 

55.9 

33.0 

22.3 



0 

0 

t 


2-S5 

32 8 

43.5 

32.5 

23.9 

30.8 

95 

7.4 

22.6 

+ 

Special plasma 

2-SPl 

40 9 

50 0* 

39.4 

20.9 

25.3 

97 

30.2 

72.7 

Sacrificed for tissues 

2-SP2 

47.1 

52 6* 

39.9 

17.1 

23.3 

82 

28.4 

60.2 

+ 


2.SP3 

40. S ! 

45.0 

42.0 

21.0 

24.3 

96 

1 26.4 

65.1 

+ 


1 2-SP4 

41.1 1 

51.2* 

41.3 

20.3 

21.4 

83 

26.8 

65.3 

+ 

6% human sc- 

2-Al 

32.4 

41.9 

51.3 

23.6 

28.6 

100 ' 

20.6 

63.0 


rum albumin 

2-A2 

47.1 

48.6* 

36.1 1 

15 9 

23.4 

115 

24.7 

63.2 



2-A3 

42.8 

52.9 

27.4 

12.4 

15.3 

1 

108 

25.6 

59,7 

-h 

25% human se- 

C-Al 

49.0 

53 8 

37.0 

25.4 

23.1 

96 

27.9 

56 8 

+ 

rum albumin 

C-A2 

39.0 

46.3 

31.7 

22.4 

Dead: 


0 

0 

0 


C-A3 

47.7 

53.2 

35.8 

23.7 

21.6 : 

112 

27.8 

58, 1 

+ 


C-A4 

44.9 

52.4 

37.7 

21 5 

18.8 

103 

25.7 

57.3 

+ 


C-A5 

48.7 

56.0 

30.8 

18.3 

16.9 

109 

27.3 

56,3 

+ 

5% oxypolj" 

2-01 

46.7 

48.6 

35.7 

15.6 

20.7 

83 

22.6 

48. 0 

+ 

gelatin 

2-02 

41.7 

35.5* 

42.8 

20.5 

31.0 

45 

10.1 

24.0 

Died 1 hour after 2nd infusion 


2-03 

42.8 

60.4 

36.0 

15.8 

18.2 

77 

24.2 

56.0 

Pied at end of 2nd infusion 

' 

2-04 

43.6 

57.8 

39.4 

15.1 

17.5 

96 

28.6 

65,6 

+ 

7% human 

2-Hl 

30.0 

33.9* 

48.4 

29.3 

48.4 

43 

5.7 

19.0 

Died 3 hours after 2nd infusion 

hemoglobin 

2-H2 

44.2 

39.4* 

54.6 

Dead 



0 

0 

0 


• Small teinfusions of blood required during last half of hypotensive period to combat persistent tendency of blood 
pressure to decline below 30 mm. Hg. 

** Second infusion withheld. Animallived l.Shours with B.P. below 30 mm. Hg 

S' After ft second period of spontaneous hypotension below 30 mm. Hg the animal was given 2.0 ce./kgm. of 25 per 
cent albumin. Survived. 

t Kesuscitated after the blood pressure declined below 20 mm. Hg by artificial respiration and the infusion of erythro- 
cj-tes in physiological saline solution. Survived. 


When the data were analyzed further, we found that of seven dogs which re- 
quired frequent small transfusions to maintain the B.P. at 30 mm. Hg during the 
latter part of the hour of h 5 '^potension three were in the group receiving special 
plasma, and one received 5 per cent albumin. That tissue damage was marked in 
tins group is suggested bj”" the occurrence of bloody stools in six of the seven. 
Thus the special plasma group seems to have been weighted with less resistant 
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animals. On the other hand, the reactions of the five animals in the physio- 
logical saline group during the hour of hypotension suggested that they were 
superior risks. Thus' there is reason to believe that the results underestimate 
rather than over-estimate the difference in the effectiveness of the special plasma 
and the saline. 

Changes in hematocrit and plasma protein concentration. Curves shoving the 
change in hematocrit and in protein concentrations for the various groups are 
shovTiJin figures 4 and 5 respectively. 



Fig. 4. Mean hematocrit changes obtained with various infusion fluids following an 
hour of hypotension (B.P. — 30 mm. Hg) (Procedure II). Where some of the animals failed 
in the course of the experiments thej' are represented by a separate curve from those that 
did not fail. Such curves are designated F, and the arrows indicate the points at which 
individual animals either had died or the blood pressure had fallen to 30 mm; Hg. H = 
hemoglobin solution; iVaCf = physiological saline solution; A 25 per cent = 25 per cent 
albumin; O = oxypolygelatin; SP = special plasma; 4 5=5 per cent albumin. 

Each group in which failures occurred during the thi'ee hour period is repre- 
sented by two curves, one for the animals in wliich the blood pressure failed and 
one for those animals in which it was maintained. 

Survival. The distribution of circulatoiy failures preceding or foUoving the 
second hemorrhage is given for the infusion fluid groups in table 2. None of the 
remaining animals appeared to be in shock at the twenty-four hour interval, but 
indefinite siindval was poor. Mbst of the animals died within five days to three 
weeks, and respiratory infection was either a causal or a contributory factor in 
practically all cases. 

Other observations and resnlts. A moderate fall of blood pressure accompanied 
wheals and facial edema when these appeared following infusions of plasma. With 
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Procedure I two deaths occurred during the first infusion udth globin, and the 
other two animals recemng this material died during the second infusion. When 
the infusion rate was reduced to from 0.4 to 1.0 cc. per kilogram per minute, a 
better blood pressure recovery was obtained with globin. 

A decreased tolerance for Nembutal was observed following infusion of oxy- 
polygelatin. Marked pseudo-agglutination occurred with oxypolygelatin mak- 
ing infusion of red cell suspensions difficult teclinically. Tliree of nine animals 
receiving it failed to show blood pressure recovery after the second infusion. In- 
fusions of hemoglobin solutions caused secretion of hemoglobin in urine, saliva 
and tears, and also excessive diuresis within twenty-four hours. 



Fig. 5. Mean changes in plasma protein concentration for animals subjected to an hour 
of hypotension before infusion. Separate curves have been drawn for those animals in 
each group that failed in the course of the experiments. 

Discussion. The clinical observations and the data obtained in this study 
indicated that globin, standard plasma, ox3T)ol3’^gelatin, and hemoglobin had 
individual disadvantages which counteracted in vivo in var3’ing degrees the ad- 
vantages conferred by their osmotic activit3''. It was possible in the experiments 
with immediate infusion (Procedure I) to show that the globin solutions were 
unsuitable since the results were inferior to those obtained with physiological 
saline solution. By this same procedure certain disadvantages of heparinized 
plasma prepared b5'- a method previously considered acceptable were revealed. 
The efficac}' of heparinized plasma was, however, increased b3'' certain modifi- 
cations in the method of preparation. The resulting product was designated as 
“special plasma.” It was difficult to evaluate the response to hemoglobin and to 
ox3'pol3'-gelatin b}' the experiments uith immediate reinfusion since hemodilution 
was superior to and the bleeding volumes similar to those obtained with special 
plasma. The limitations and defects of these tivo plasma substitutes became exd- 
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dent in the experiments in ivhich infusion was delayed for one hour (Procedure 
II)'. _ Five per cent albumin gave results comparable to special plasma under the 
conditions of this procedure, but less satisfactory experience with 25 per cent 
albumin indicated that fluid in addition to the albumin itself had to be supplied 
to insure optimum conditions for animal survuval. 

Our observations emphasized the importance of determining the efficac}'- of 
physiological saline solution, the usual diluent for colloids, and indicate the cau- 
tion that should be observed in the preparation of animal plasma to be used in a 
studj*- of lilood substitutes. 

SUiVIMARy AND CONCLUSION 

The effectiveness of ten infusion fluids (human globin, dog globin, ivhole 
blood, standard plasma, special plasma, 5 per cent albumin, 25 per cent human 
albumin, oxj'-polygelatin, human hemoglobin, and ph 3 '-siological saline solution) 
in restoring the circulation of dogs subjected to severe hemorrhage was compared. 

Two methods were used in producing the hemorrhage. In the first blood 
pressure was lowered to 20 mm. Hg (Procedure I) by a hemorrhage averaging 
51.7 cc. per kgm. and the replacement started immediately. In the second blood 
pressure was lowered to 30 mm. Hg (Procedure II) and maintained at that level 
for one hour (average total blood loss, 49.4 cc. per kgm.). In both procedures 
the dogs were subjected to a test bleeding three hours after infusion. 

The human and dog globin gave less satisfactoiy responses than physiological 
saline solution vith Procedure I and were not studied further. This procedure 
showed that dog plasma prepared by the usual routine was inferior to plasma 
obtained from heparinized donors. Accordingly only the latter was tested in 
Procedure II. 

All of the other materials except whole blood were tested in Procedure II, 
which was a much more severe test and probablj'^ more nearly comparable to 
clinical conditions. Physiological saline solution and hemoglobin solution were 
definitely inadequate by this test, and oxypolygelatin and 25 per cent albumin 
were less suitable than especially prepared plasma and 5 per cent albumin. 

Unless special precautions were taken to minimize incipient coagulation and 
to exclude microscopic particulate matter, dog plasma frequently produced sub- 
cutaneous edema accompanied by a fall in blood pressure a short time aftei 
infusion. .. 

The authors are grateful to Drs. J.E. Rhoads, I. S. Ravdin, M. D. McCaitly, 
and H. M. Vars for their suggestions and criticisms. We acknowledge vith 
thanks the technical assistance of Miss Lois Hosbach and Mr. Manning x en- 
delson in the studj'’ of the effects of infusion fluids in normal anima s. ^ ® 
indebted to Dr. Dickinson W. Richards, Jr. and the Committee on Medica 
Research of the Office of Scientific Research and Development for the human 
serum albumin; to Dr. Max Strumia, Bryn Mawr, Pennsylvania, and the Smith, 
lOine and French Laboratories for the modified globin; to Drs. Linus 1 auhng 
and Dan H. Campbell of the California Institute of Technology for the o-X 3 POl 3 ^- 
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gelatin; and to Dr. Robert Pennell of Sharp and Dohme for the hemoglobin 
solution. 
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Pulmonarj’- congestion operates in various ways to bring about dyspnea. 
Mechanically, one of the most important of these factors is the change in the dis- 
tensibility of the lungs. When the pulmonary vessels are engorged with blood 
they become more rigid, acting like a hose turgid with water under pressure (1). 
It is readily seen that this is a contributing factor in the increased respiratoiy 
effort required in congestive heart failure. This diminished distensibility also 
contributes to a diminution in vital capacity, and to the formation of intrapleural 
transudate. 

However, onl5’' indirect evidence is available, to demonstate a diminution in 
pulmonary distensibility in congestion of the lungs. Drinker, Peabody and 
Blumgart (2) showed that compression of the pulmonarj’’ veins in anesthetized 
cats diminishes pulmonary ventilation when a constant alternating flow of air 
into the lungs is maintained. By recording the simultaneous traemgs of the 
tidal air and the intrapleural pressure in patients in congestive failure, Christie 
and Meakins (3) were able to demonstate, in an indirect fashion, a marked de- 
crease in the distensibility of the lung. , Otis, Rahn and Fenn (4) measured the 
distensibility of the limg in patients indirectly by recording simultaneous venous 
and intrapulmonary pressures, but they did not apply this method to patients 
vdth pulmonary congestion. 

We proposed to demonstrate directly the effect of congestion of the pulmonary 
vessels on lung distensibility, excluding many of the factors which complicated 
earlier studies. Our studies were carried out 1, Mth fresh lung preparations 
obtained from dogs, and 2, in the intact animal. 

In the isolated preparation- the lungs, with heart attached, were removed from 
heparinized dogs." A cannula was tied into the pulmonary artery, and a second 
one was forced' through a slit in the left ventricle and tied at the mitral orifice to 
drain blood from the left atrium and thus from all the pulmonary veins. The 
rest of the heart was cut away. The trachea was then cannulated, and the entire 
preparation suspended by the trachea nothin a special chamber. The cannulae 
to the pulmonary arterjq the left atrium, and to the trachea were passed through 
to the outside of the chamber. The chamber was sealed. With tins prepara- 
tion it was possible to inject a knonm quantity of blood into the pulmonary arteiy 
and to siphon it off, if desired, through the pulmonary veins. 

i Aided by the A. D. Nast Pund lor Cardiovascular Research. This department is 
supported in part by the Alichael Reese Research Foundation. • 

- Liquaemin vas generous!}’’ supplied by Roche-Organon, Inc; 
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An apparatus was then designed which made possible the injection of knoivn 
volumes of air into the lung via the tracheal cannula, and the determination of 
the pressure inside the trachea (Pi). The “intrathoracic” pressure (P 2 ) in the 
sealed, chamber in which the lung was contained could be read from a second 
manometer. The assembly is illustrated in figure 1. 

The entire system was brought into equilibrium with atmospheric pressure at 
the beginning of the experiment. The intratracheal and “intrathoracic” pres- 
sures were recorded as progressively increasing volumes of air were injected into 
the lungs. 



Fig. 1. Diagram of assembly used in measuring volume of air injected intratracheally 
and the resulting intratracheal, Pi, and intraplethysmographic, Pz, pressures. The method 
of injecting a measured quantity of air, Y, into the lung by means of a syringe is shown 
diagrammatically. In the experiments reported in the text, water displacement was ac- 
tually used to measure the volume of air injected. This was accomplished by inserting 
a pair of water bottles betiveen the syringe and the lungs. 

The distensibility of the lung was calculated from plots obtained by comparing 
the relation between the intratracheal (Pj) and the amount of air (V) injected 
into the lungs via the trachea, and also by comparing the relationship between 
the intratracheal (Pi) and “intrathoracic" (Pj) pressures. This estimate of lung , 
distensibility did not change ndth successive trials in the same lungs. These 
distensibility determinations were then repeated after the injection of fixed 
amounts of heparinized filtered blood from the same animal into the pulmonary 
artery while the outflow cannula from the left atrium was occluded. Definite 
leduction in distensibility of the lung as indicated in the slope of the curves was 
produced by the injection of blood, and these changes varied with the amount of 
blood injected. These reductions in distensibilitj’" ivere reversed when the blood 
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demoBsfated 

_ That the injection of blood into the pulmonary circulation caused a decrease 
in the distensibihty of the lung proportional to the amount of blood introduced 
M^as show also by a decrease in the slope of the pulmonary volume-intratracheai 
pressure curve. When almost all the blood injected was siphoned off this curve 
Mas also seen to return towards its original location, thus demonstrating clearly 
that the effect Avas due to intravascular blood which could be siphoned off and 
not to an intra-alveolar transudate (pulmonary edema) which increased slightly 
during the course of the experiment (fig. 2). 

Usua% some of the injected l^lood could not be siphoned off; a certain quantity 
was always retained in the lungs Avhich could not be recovered. 



Fig. 2. The effect of pulinonaiy congestion on the clistensibility as shown by volume 
/intratracheal pressure curves. Blood was injected into the pulmonary artery and siphoned 
from the pulmonary veins. A decrease in distensibility of the lung is shown by a decrease 
in the slope of the curve 


. The discrepancy bertveen the rate of pressure rise in the lung (Pi) and in the 
closed chamber in which the lung was contained (P 2 ) caused b}'’ the injection of 
blood is also affected b}”" changes in the distensibility of the lung and is not due 
just to the effect of the volume changes of the chamber due to the tmlume of in- 
jected blood (fig. 3) . This was shown by an experiment in Avhich a rubber balloon 
Atns substituted for the lung and fluid added to the chamber, outside of the 
balloon. The succession of pressure changes within and outside the balloon 
showed onty a negligible deAuation from those obtained before the instillation 
of fluid in the chamber. 

The degree of h3'’steresis in the lungs AA'as determined, and AAdiile definite y 
present, did not affect the slope of the cuiwes and hence the residts of the experi- 

. ■ mi J 

A second series of experiments Avas performed in intact dogs. The dogs were 
anesthetized AAdth sodium pentobarbital intraAmnousIy (25 mgm./kiio) . Artificial 
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respiration was afiministered through a tracheal cannula. Sufficient curare was 
given intravenously to prevent spontaneous movements of the thoracic or dia- 
phragmatic musculature even when the artificial respiration was temporarily 
interrupted. The anterior portion of the thoracic cage was" removed. A man- 
ometer was connected to the tube joining the trachea to the artificial respiration 
apparatus. It was then possible to clamp the tube leading to the artificial res- 
piration machine, open the trachea to the atmosphere briefly, then inject given 
quantities of air into the lung (as in the isolated preparation e.xperiments) and 
measure the changes in intratracheal pressure produced. In this way a volume 



Fig. 3. The effect of pulmonary congestion on the distensibility of the isolated lung as 
shown in intratracheal/“intrathoracie” pressure curves. Blood was injected into the 
pulmonary artery and siphoned from the pulmonary veins. A decrease in distensibilitv 
Qi tJie lung IS shown by ah increase in the slope of the curve. 


pressure curve could be constructed similar to those in the isolated preparation 
experiments. The series of recordings necessary for this curve, which reflected 
the degree of distensibility of the lung, could be obtained witliin 1 minute. 

n attempt was then made to produce congestion of the lung in the Imng an- 
unal, and to determine its effect on the distensibility of the lung This was ac- 
complished by placing a rubber tipped clamp on 2 or 3 of the 4 pulmonary veins 
a their entrance to the left atrium. By obstructing the return of blood from the 
putoary veins tius clamp acted much like a very severe mitral stenosis and pro- 
duced congestion in the lung. Volume-pressure cuiwes obtained when the pul- 
monary veins were occluded clearly showed a decrease in distensibility of the 
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lung (fig. 4). On removal of the clamp, distensibility returned to normal within 
5 minutes. 



Fig. 4. The effect of pulmonarj" congestion on the distensibility of the lung in the living ^ 
dog, as show in volume/intratracheal pressure curves. Congestion of the lungs 
produced by compression of the pulmonary veins. A decrease in distensibility is shown y 
a decrease in the slope of the curve. 
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occurred after the clamp had been on for 5 minutes or more. At least two 
possibilities as to the cause for this phenomenon may be considered: 

1. The obstruction to the egress of blood from the pulmonary veins when 
present for a period of 5 minutes or more resulted in a redistribution of blood 
from small vessels where its presence would affect lung distensibility most, to 
over-stretched larger vessels where it would have less effect on distensibility. 

2. The obstruction to the return of blood from the pulmonary circuit resulted 
in a marked pulmonary hypertension which imposed a heavy load on the right 

TABLE 1 

The effect in a typical experiment of varying pulmonary congestion on the distensibility of 

the lung* 


procedure IK SEQUENCE AV/AP 


1. Control (no clamp) 11. o 

2. Clamp on pulmonary veins 9.4 

3. Control (no clamp) 12.2 

4. Clamp on pulmonary veins 10.7 

5. Same clamp left on pulmonary veins for five minutes 13.0 

6. Control (no clamp) 21.4 

7. Clamp on pulmonary veins 14.0 

8. Same clamp left on pulmonary veins for five minutes 21.4 

9. Control (no clamp) 17.6 

10. Repeat control (no clamp) 17.6 

11. Clamp on pulmonary artery 18.2 

12. Control (no clamp) after ninety minutes 14.0 

13. Clamp on pulmonary veins 10.7 

14. Control (no clamp) 15.3 


* Distensibility of the lung is proportional to the ratio AV/AP. (AV is always 60 cc. 
of air injected intratracheally and AP is the intratracheal pressure resulting from this 
injection of air.) 


heai-t. This could have caused acute failure of the right ventricle leading to a 
reduction in the pulmonary congestion. Evidence of this marked right ventri- 
cular strain was seen in the marked dilatation of the right ventricle wliich oc- 
curred when the clamp was left on for 5 minutes or more. This second factor is 
probably the more important one.^ 

A clamp placed on the main pulmonary artery trunk with subsequent reduction 
in the blood in the lungs often resulted in an increased distensibility of the lung. 
In a similar Avay almost complete occlusion of the superior and inferior vena cava 


® It is interesting to note that in a patient with chronic left congestive failure, there is a 
diminished distensibility of the lung (3) which is present for a long period of time. In 
such cases the right ventricle usually maintains a normal minute output, in contradistinc- 
tion to the acute experiments described here where the addition of a sudden tremendous 
load on the right ventricle produced marked forward failure (reduction in output). A 
distinction should be made between the transition period, during which a discrepency be- 
tween the output of the right and left ventricles initiates the pulmonary congestion, and 
the longer period which follows in which the outputs of both ventricles are equal, the pul- 
monary congestion being maintained. 
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resulted in increase of the distensibility of the lung, obviously as a result of the 
subsequent diminution of blood in the lung. However, on several occasions 
clamping of the pulmonary artery did not have this effect but produced the 
opposite changes in the volume-pressure curve. This occurred when temendous 
dilatation of the right ventricle and right atrium appeared. These dilated cham- 
bers resting on the expanding lung could cause, by their added weight, parado.x- 
ical increases in intrapulmonary pressure and thus distort the curve. 

^ Occlusion of the ascending aorta conversely resulted in a decrease of distensi- 
bilit3^ of the lungs by damming blood in the pulmonary circuit. 

As the e.xperiment proceeded in each animal, the distensibility of the lung 
appeared to increase. This may have been due to the shift of blood from the 
pulmonaiy reservoir to other regions to counterbalance the shock produced b}"" 
the anesthesia and surgery connected with the experiment. 

The results of these many maneuvers on the distensibility of the lungs in a 
tj^pical animal are shown in table 1 . 


SUMMARY 

1 . The effect of pulmonar3'- congestion on the distensibility of the lungs was 
investigated in both the isolated lung of the dog and in the open-chest animal. 
The degree of distensibility was derived from the corresponding increases in intra- 
tracheal pressure produced lj3'’ inflation of the lung with knoum volumes of air 
and, in the isolated lung, also from changes produced by lung inflation upon the 
ratio of intratracheal to “intrathoracic” pressures (the latter being the pressure 
in the chamber in which the lung was enclosed). 

2 . In the isolated lung, injection of known volumes of heparinized blood into 
the pulmonary arter3’- resulted in a diminished distensibility of the lung. With- 
draival of this blood caused a return of tlie distensibilit3'- toward its control level, 
thus demonstrating that the decreased distensibility was due to intravascular 
blood rather than intra-alveolar transudate. 

3 . In the open-chest dog, compression of the pulmonary veins, producing pul- 
monary congestion, also resulted in a decrease in distensibility of the lung. Re- 
lease of the compression caused a return of the distensibihty toward its control 
level. Aortic compression, another method for producing pulmonary congestion, 
also diminished pulmonaiy distensibility. 

4 . Improvement in pulmonary distensibilit3’- occurred after compression of 
the main pulmonaiy arter3'', after partial compression of both venae cavae, and 
during the development of shock toward the end of the experiment. 

5 . This study demonstrated that the distensibility of the lungs varied in an 
inverse manner mth the amount of blood in the pulmonary vessels. 
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Various recent studies concerned with fibrinolysin have advanced our knowl- 
edge of this important enzyme considerably (1-20). Work on its purification 
has made available material in concentrated form (3) useful for studjdng funda- 
mental relationships and for studying the action of antifibrinolysin- activity 
of plasma. It is noth this aspect of the general problem that the work herein 
reported is concerned. 

Fibrinotysin is a proteolytic enzyme which is potentiall}’’ present in plasma. 
Its precursor, profibrinol 3 ''sin, has no proteolytic power but may become activated 
through the action of streptokinase, chloroform and possibly some mechanism in 
the intact organism which at present is unknoum (1). Fibrinotysin is a protease 
which decomposes fibrinogen and fibrin and also destroj’-s prothrombin (16). It 
can be derived from bovine plasma in potent concentration (3). CUiristensen 
and hlacleod (6) have pointed out that it has no relationship to trypsin. 

Antifibrinolj’’sm inactivates fibrinotysin and is present in the plasma of all 
species so far tested (12). We have found that plasma may be sufficiently 
diluted so that at equilibrium the low concentration of antifibrinolysin has 
inactivated only a part of the fibrinolysin in the substrate. The quantitative 
assay of antifibrinolysin depends upon the measurement of the amount of active 
fibrinolysin remaining after equilibrium is reached. On the basis of this ap- 
proach we have found that antifibrinolysin activity increases in the plasma of 
chicks fed a pteroylglutamic acid deficient diet. The crystalline vitamin pre- 
vents this increase. 

Methods. Imidazole buffer. One and seventy-twm hundredths grams of 
imidazole were dissolved in 90 cc. of 0.1 N. HCl. The pH was adjusted to 7.25 
Mth concentrated HCl or NaOH and the mixture was then diluted to 100 cc. 
volume with water. 

Fibrinogen. To insure precision and accuracy in assays the preparation and 
standardization of the reagents are extremely important. Fibrinogen must be of 
high purity and relatively stable. The fibrinogen used in these studies Avas 
prepared by the method which we have described (21). A 0.5 per cent to 1 per 
cent solution is prepared in a 2 per cent saline solution containing 5 per cent by 

^ Aided by a grant from the U. S. Public Health Service. 

“ There has been discussion concerning nomenclature (1, 3, 6, 30). In this paper we fol- 
low the suggestions of Loomis et al. (3) and Astrup and Permin (1). In previous reports 
from this laboratory (16, 17) the term fibrinolysin inhibitor was used in place of the term 
antifibrinolysin. 
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volume of imidazole at pH 7 .2. The salt in excess of physiological concentration 
increases the stability of the fibrinogen. The concentration of the latter is 
determined by an analysis of the tyrosine content (21 , 22) . The solution is then 
poured into test tubes, each tube receiving a sufficient quantit}^ to complete the 
average number of assaj'^s required in one day. The fibrinogen solution is, quick 
frozen in a dry ice alcohol mixture and stored at -20°C. If these precautions 
are followed, the fibrinogen will remain stable. In preparation for assays the 
fibrinogen is thawed without agitation at 40°C. in a water bath. Wlien fluid, 
the stock solution is diluted to a 0.2 per cent fibrinogen concentration and the 
saline concentration adjusted to approximately 0.9 per cent. The tube con- 
taining the 0.2 per cent fibrinogen is maintained at 40°C. in a water bath through- 
out the period of use. The clottability remains unchanged for periods up to 
24 hours if the indicated conditions relating to temperature and salt concentra- 
tion are maintained. 

ThromUn. Thrombin topical, Parke, Davis & Company, was used. It was 
dissolved in 50 per cent gl 3 ’’cerol-saline to give a solution containing 2,000 Iowa 
units per cc.(23). 

Standardized fihrinolysin sohdion. The material was obtained from bovine 
plasma by the methods described in detail (3). In preparation for use it is 
dissolved directlj’- in imidazole buffer. More than the amount required for 
assays cm?ering a 3 hour period should not be dissolved at one time since there- 
after the activity graduallj’' decreases. The fihrinolysin is allowed to stand from 
20 minutes to 1 hour before standardization since during the first 15 to 20 min- 
utes after the solvent is added the fibrinolytic activity increases. Its concentra- 
tion must be standardized in terms of activity. To 0.2 cc. of fihrinolysin 
solution is added 0.2 cc. of 0.2 per cent fibrinogen solution. A stopwatch is 
started. The solutions are quickly mixed and thrombin is added by stirring rod. 
The stirring rod, 3 to 4 mm. in diameter, is immersed in the thrombin solution, 
removed and inserted with a rotating motion in the fibrinolysin-fibrinogen 
mixture and withdrawn. With practice the thrombin can be added within 
2 to 3 seconds. The reaction tube is placed in a water bath at 28°C. until lysis is 
complete. A firm clot forms vuthin 15 seconds. The end-point is the time at 
which the contents of the tube become completely fluid and the solution runs 
freety, with no gel-like portions, donm the sides of the tube as it is tilted. At the 
end point the stopwatch is stopped and the time interval recorded in seconds. 
The tube must be handled gentb’’ in determining the end-point, because shaking 
tends to disturb the reaction and may result in a false end-point. All deter- 
minations ai-e carried out in triplicate and are based on the average for the 3 
measurements.- The fibrinolj’-sin concentration is adjusted to give a tysis time 

of 120 ± 5 seconds. . . , 

Double strength standardized fihrinolysin solution. This solution is made 
exactly as the standardized fibrinolysin solution except that the concentration o 

fibrinotysin is doubled. • j -fu i ck r.or 

Chicken plasma. Blood was obtained from the carotids, m^ed with l.bb per 

cent potassium oxalate in the proportion t to 1. It v as immediate y cen ri uge 
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The hematocrit was noted. The plasma was defibvinated bj'- adding solid 
thrombin and Avhipping out the fibrin. If tests could not be completed the same 
day the defibrinated plasma was stored at — 20°C. All data are calculated to 
oxalate free plasma. 

Fibrinolysin unit. Loomis, George and Ryder (3) define a unit of fibrinolysin 
as that amount which will dissolve 1 ml. of a 0,3 per cent fibrin clot in 120 
seconds at pH 7.2 and 45°C. in an isotonic saline system buffered with imidazole. 
Because we have found that fibrinolysin rapidly loses activity in solution at 
45°C. Ave believe it is essential to reduce the temperature to 28'’C. The fibrino- 
gen concentration has been reduced to 0.1 per cent. This concentration pro- 
duces a firm clot which rapidly collapses ivhen l}’'sis is nearlj’’ complete. Thus a 
sharp end-point is insured. The net result is that a unit as employed here in- 
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Unils of fitrinolysin pgr cent conconlrolion ol fibrinogen in clot 

Fig. 1 Fig. 2 

Fig. 1. Relationship between fibrinolysin concentration and clot dissolving time. Only 
fibrinolysin concentration was varied. 

Fig. 2, With fibrinolysin concentration remaining constant the time required for the 
clot to dissolve is directly proportional to fibrin concentration. 


volves more fibrinolysin. It requires approximately 5 times more than the 
amount in the unit described by Loomis et al. (3). 

Experbiental. Lyds of fibrin clot. Figure 1 shows the relationship be- 
tween the time required for a clot to dissolve and fibrinolysin concentration. 
It requires very potent fibrinolysin concentrations to dissolve the clot in a few 
seconds, and by comparison only minute amounts are required to accomplish the 
same result in time intervals involving minutes. These latter clot resolution 
times are the ones described commonly in the literature, because potent prepara- 
tions of fibrinolysin were not available until recently. Many conclusions were 
based on the study of minute traces of this enzyme. 

If the data in figure 1 are plotted on log projection paper approximately a 
straight Ime is obtained. It is interesting that the curve recalls the relationship 
between fibrinogen clotting rate and thrombin concentration (28) . The logarithm 
of clotting time is inversely proportional to the logarithm of thrombin concentra- 
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tion, and similarly the logarithm of clot dissolving time is inversely proportional 
to the logarithm of the fibrinolysin concentration. 

Fibrinogen concejiiration and lysis time. In these experiments the fibrinogen 
concentration was the only Icnown variable. With a fi.xed concentration of 
fibrinolysin the lysis time became progi-essively longer as the fibrinogen concen- 
tration was increased. Figure 2 shows that the relationship between lysis time 
and fibrinogen concentration is a straight line function. It is thus important 
to control fibrinogen concentration in fibrinolysin assay procedures. Additional 
data, not included in the figure, indicate that the straight line function extends 
through a 2 per cent fibrinogen concentration. 

Inactivation of fibrinolysin with aniifihrinohjsin. If a standardized fibrinolysin 
solution is prepared as described above the stability characteristics are favorable. 
Only slight decreases in activity are noted in a period of hours. If, however, a 
small amount of chick plasma is fii'st mixed with the fibrinoi 5 ’'sin the latter is 
destro 5 ''ed by the antifibrinolysin of the plasma. The significant finding is that 
only a portion of the fibrinolysin is destroyed and the reaction reaches equilib- 
rium. This type of reaction could hardly have been jiredicted from available 
information in the literature. It might be pointed out, however, that plasma 
does not inactivate unlimited quantities of thrombin (23), thromboplastin 
reaches equilibrium when it reacts with an excess of prothrombin (24), and there 
is evidence that fibrinolysin will not destroy unlimited quantities of prothrombin 
(17). In fact there is now ample evidence that the interaction of proteins in- 
volved in the blood clotting mechanism commonly proceeds to equilibrium. 
Although it is a simple concept little imagination is required to realize how these 
circumstances may have caused confusion in the past. 

As sho-svn in figure 3, the maximum amount of fibrinolysin inactivated bj'' the 
antifibrinolysin in diluted chicken plasma occurs within 5 minutes. Thereafter 
the residual fibrinolysin activity remains constant. The difference between the 
original quantity of fibrinolysin and that wliich remains represents a quantitative 
measure of antifibrinolysin activity. As a matter of practical convenience the 
calculations for antifibrinolysin activity are best made on the basis of equilib- 
rium conditions found after antifibrinolysin has been incubated vith fibrinotysin 


for 60 minutes. 

Units of antifibrinolysin in chicken plasma. Figure 4 graphically depicts the 
relationship between chicken plasma dilutions and the dissolving time of stand- 
ard fibrin clots containing an initial fibrinolysin concentration of 1 unit. The 
plasma used was the pooled plasma of 6 one year old hens. Five units of chick 
plasma antifibrinolysin are defined as the quantity of antifibrinol 5 ’'sin v hie i 
Avithin 60 minutes at 28°C. and at pH 7.2 will inactivate 50 per cent of the 
fibrinolysin in 1 cc. of a standard solution containing 1 unit of fibrinolysin per cc^ 
To establish units for chicken plasma antifibrinolysin, the dissolving time of 2 
unit of fibrinolysin was measured on the curve in figure 1 . This was 210 seconds^ 
The dissolving time of 210 seconds was then projected from the curve m fi^re 
to the ordinate. Five chick antifibrinolysin units were therefore a.ssi^ed to tne 
point on the figure 4 curve which corresponds to the 210 seconds disso vmg ime. 
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The ordinate was then marked off in multiples and fractions of 5 antifibrinolysin 
units. To calculate antifibrinolysin units, the co-ordinate is extended from the 
abscissa to intersect the curve in figure 4 and the horizontal co-ordinate is ex- 



Fig. 3. Double strength standardized fibrinolysin solution was mixed with an equal vol- 
ume of variously diluted plasma for periods of time (X-axis). The remaining fibrinolysin 
activity was then ascertained by measuring the time required (Y-axis) to dissolve standard 
clots. The reaction between fibrinolysin and antifibrinolysin is rapid and equilibrium is 
established. The amount of fibrinolysin destroyed is a quantitative measure of antifibrin- 
olysin activity . The 60 minute co-ordinate is especially indicated, because this time interval 
is used in the assay of antifibrinol 5 ''sin. 

Fig. 4. The quantity of residual fibrinolysin (that which remains after antifibrinolysin 
has destroyed fibrinolysin and equilibrium is established) is indicated as dissolving time 
in seconds. From the dissolving time the units of antifibrinolysin can be noted on the Y 
axis. 


tended to meet the unit scale on the ordinate. The unit value per cubic centi- 
meter is obtained by multiplying the number of units i-ead off from the curve by 
the dilution factoi'. Con-ection is also made for oxalate. 
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Example: Antifihrinolysin assay. Place 0.1 cc. of double strength stand- 
ardized fibrinolysin solution in a test tube (50 X 8 mm. I.D.). Add 0.1 cc; 
diluted plasma (antifibrinolysin). Incubate at 28°C. for exactly 1 hour.' Add 
0.2 cc. of fibrinogen (0.2 per cent) solution. Start stopwatch and immediately 
add thrombin with stirring rod as described above. Note lysis time in seconds. 
If lysis occurs in 120 seconds there is no antifibrinolysin present. If the lysis 
time is longer, say 210 seconds, then the antifibrinolysin concentration of the 
diluted plasma is 5 units per cc. (cf. fig. 4). It is recommended that dilutions of 
plasma be made so that lysis will occur in 400 seconds or less. 

Antifibrinolysin and anemia. Preliminarj'' studies of the plasma of human 
pernicious anemia patients revealed that the antifibrinolysin activity is greatly 
increased above the normal value. It w'as, therefox’e, indicated that macrocytic 
anemia (25) be produced in chicks and that the effect of ciystalline pteroyl- 
glutamic acid be studied. Since Campbell, Brown and their associates (26, 27) 
were activelj'' engaged in the study of crystalline vitamin Be we requested that 
they furnish us plasma from their chicks for our study. The handling of their 
birds and composition of the diets is described in detail (26, 27). Five diets were 
used as follows: 

No. 1. Fortified broiler ration. Larro Milling Co. -|- 3 per cent desiccated pork liver 
4- 3 per cent dried brewer’s yeast. 

No. 2. S 3 ’-iithetic diet, no. 59744, table 1, Campbell el al. (27), supplemented with 500 
_ gamma of pteroj’lglutamic acid per 100 grams’ ration. 

No. 3. Synthetic diet, same as no. 2 e.xcept that casein was extracted with hot alcohol. 

No. 4. Synthetic diet, same as no. 2 except that pteroylglutamic acid was omitted. 

No. 5. Synthetic diet, same as no. 4 except that casein was extracted with hot alcohol. 

The chicks Avere fed the respective diets for 28 days after hatching. Blood 
drawn on the 28th day Avas centrifuged to remove the cells and the plasma AA^as 
defibrinated b}'- adding commercial thrombin and AA'hipping out the fibrin. 
Weiglit gains and hematocrit A^alues AA'ere similar to those previously described 
(27, 28). Blood studies AA’^ere not made but may be assumed to parallel those 
reported for chicks under similar experimental conditions (28). 

The data obtained are presented in table 1. In the first experiment a pooled 
sample of plasma from 2 chicks on the Adtamin deficient diet Avas found to contain 
almost twice as much antifibrinolysin as the chicks receiAung the same diet 
together AAuth the vitamin, or chicks receding a broiler ration. The latter i-ation 
is belieA^ed to be adequate in all respects. A second experiment Avas then per- 
formed. In this group 4 chicks on a S 3 Tithetic Autamin Be free diet had about 
tAvice the inhibitor concentration found in chicks receiving the same diet fortified 
AA'ith crystalline ptero 3 dgIutamic acid. For our third study the first experiment 
AA'^as repeated, but Avith a larger number of chicks; and the data confirm the first 

work. . • I I , t 

In all cases there is a tendency for antifibrinolysin concentration to be loiA'csr 

in the plasma from chicks on the fortified broiler ration. This may mean that 
more Autamin would be required on the S3mthetic diet to establish normal Amlues 
for antifibrinolysin. HoAA^eA^er, the important point which Ave consider to be 
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amply established from the data in table 1 is that the antifibrinolysin concentra- 
tion increases in plasma as the result of pteroylglutamic acid deficiency. 

TABLE 1 


Antifibrinolysin concentration in chicken plasma 



KCMBER or CHICKS 

ANIlFIBSINOtrSm, UNITS PER CC, 


Plasma 

AVhole blood 

Experiment no. 1 


119 

81 

No. 2 synthetic, fortified with pteroyl- 

1 

■ glutamic acid 

1 

124 

87 

1 

168 

116 


1 

108 

75 

No. 4 synthetic, pteroylglutamic acid free 

2 pooled 

210 

191 

No. 1 fortified broiler ration 

1 

86 

61 


1 

117 

81 


1 

1 87 

61 

Experiment no. 2 

1 

1 

1 


No. 3 synthetic, fortified with pteroyl- 

1 

i 128 

86 

glutamic acid 

i 1 

158 

104 


1 

148 

100 


1 1 

142 

97 

No. 5 synthetic, pteroylglutamic acid free' 
• 1 

1 

266 

157 

1 

250 

188- 


1 

323 

259 


1 

431 

294 

Experiment no. 3 

No. 2 synthetic, fortified with pteroyl- 

6 

168 

109 

glutamic acid 

5 

158 

104 


7 

149 

97 

No. 4 synthetic, pteroylglutamic acid free 

9 

216 

176 


5 

203 

187 

No. 1 fortified broiler ration 

3 

97 

65 


2 

99 

66 


2 

104 

67 


* Consult text for detail and also (26, 27). 


Discussion. The mechanism responsible for the production of an increased 
antifibrinolytic activity in the blood of the pteroylglutamic acid deficient chick 
must temporarily be conjectural. Possibly hypoxia and tissue injury permit the 
release of excessive profibrinolysin or an activator of profibrinolj’^sin which in 
turn may stimulate the organism to the production of more antifibrinolysin. 
On the other hand it is conceivable that protoplasmic disintegration or injury to 
cell membranes may permit the dhect release of antifibrinolysin with or without 
a rise in fibrinolysin or fibrinolysin activator. It may also be hypothesized that 
altered function in anemia of such organs as the bone marrow, liver or spleen 
play a role in the formation of an increased antifibrinolytic activity, although the 
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probability is remote since in other pathologies which do not specifically effect 
these organs antifibrinolysin acthnty is also increased (29). 

Quantitative assay of antifibrinolysin may have practical value. Preliminary 
studies of the plasma of human pernicious anemia patients reveal that the 
antifibrinolytic activity is greatly increased above the normal value as in chicks. 
Additional observations indicate that the assay of antifibrinolytic activity in 
human patients may be a sensitive index of effective therapy, since in two per- 
nicious anemia patients who were followed during therapy the antifibrinolysin 
activity significantly decreased before a definite change could be found in the 
cellular picture. 


SUaiMARV 

TlTien fibrinols'-sin dissolves fibrin clots the logarithm of the time required is 
inversely proportional to the logarithm of the fibrinolysin concentration. The 
amount of fibrin substrate also affects tysis time. Greater fibrin concentrations 
require longer lysis times and the relationslup is a straight line function. '^Tien 
fibrmol 3 ^sin is inactivated vuth a small amount of antifibrinolysin (diluted 
plasma) the inactivation reaction comes to equilibrium in less than 10 minutes. 
Active fibrinol 3 ’’sin remains. The difference between the original fibrinoVsin 
concentration and the concentration at equilibrium is a quantitative measure of 
antifibrinolj'’siii activity. This basic relationship has been adapted to the quan- 
titattye measm’ement of antifibrinolysin acthdty in plasma. 

Macrocjdic anemia in chicks, resulting from pterojdglutamic acid deficienc}'’, 
is accompanied by an increase in plasma antifibrinolysin acthdty. Cr 3 ’’stallme 
ptero 3 dglutamic acid prevents this marked increase. 

We 'wish to thank C. J. Campbell and R. A. Bronm for supphdng us with 
plasma from clucks receiving their experimental diets, and Eugene C. Loomis 
for generous supplies of fibrinotysin. We also wish to thanh Parke, Davis & 
Company foi- supplying funds for Research in Ph3'5iology. 
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Almost simultaneously it has been reported from three different laboratories 
(Wehrmacher and Hines, 1945; van Han-eveld, 1945; Hines, Wehrmacher and 
Thomson, 1945; V'eiss and Edds, 1946) that changes •maj’- take place in paretic 
muscles, which result in a considerable and sometimes even complete restoration 
of the muscle force a few months after a partial denervation, performed b}’’ a 
technique which excludes regeneration of the nerve supply. The possibility 
that hypertrophy of the muscle fibers which escaped dener^^ation could alone 
account for this increase of muscle force was rejected, and the re-inner\^ation 
of the muscle fibers which had lost their normal nerve supplj’’ was considered as 
the chief cause for the improvement of muscle function. The most convincing 
evidence for the efficacj’’ of this mechanism was provided by the scarcit}’' of 
degenerated muscle fibera in histological preparations of muscles from which a 
considerable portion of the nerve supplj’- h ad been removed some months before 
(3, 5). Unattached terminal branches ending freely in the muscle have been 
considered as tlie source of the reinnervation of the orphaned muscle fibers 
(1, 5). However, in view of the magnitude of the functional improvements 
observed, this factor can be of but minor importance, and the active increase 
of the terminal branching of the motor nerve fibers which escaped degeneration 
is believed to be the principal mechanism involved. 

In view of the above considerations it was of interest to look for mechanisms 
which might stimulate the motor nerve fibers to fonn a more luxuriant branch- 
ing. It seemed not unlikel}'' that this stimulus would be related to the degen- 
erative changes occurring in the muscle fibers which lost their nerve suppl}'" in 
the partial denervation. The increase of the terminal branching might for 
instance be caused by products formed in the degenerating muscle fibers. The 
present investigation is an attempt to find e.xperimental evidence for such a 
chemical stimulus. 

Methods. The sartorius muscle of the rabbit was used throughout this 
investigation. The m. sartorius is a thin, narrow muscle situated superficially 
on the anterior and medial side of the thigh. Tire muscle is innervated by the 
n. saphenous, a branch of the n. femoralis (fig. 1, I). Tire 5th and 6th lumbar 
segments are usually the only segments participating in the innervation of the 
sartorius, L6 in most rabbits supplying the larger part of the nerve suppb'' (o)- 
Pulling the 6th lumbar spinal nerve out of the spinal cord thus causes in mos 
rabbits a severe paresis of the m. sartorius. In all experiments of this investiga- 
tion the two sartorius muscles of the animal were prepared for isometric recoid- 
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ing, two weeks after the partial denervation of one of them by pulling L6 out 
of the spinal cord. On both sides the nerve branch carrying the contribution 
of L5 for the m. sartorius was dissected and stimulated faradically. The force 
developed on the normal side seiwed in this way as a control for the strength of 
contraction on the operated side. The relation between these forces was deter- 
mined independently of the absolute tension developed, which varies considerably 



Fig. 1. A, femoral nerve. B, n. saphenous. C, femoral artery. D, femoral vein, 

I shows the anatomical relation between the femoral and saphenous nerves and tl e 
blood vessels. The saphenous nerve cresses over the arterial and venous branches running 
laterally, whereas the part of the femoral nerve for the m. quadriceps runs under these 
branches. 

II shows the operation used for the denervation of the m. quadriceps. The bran- 
ches of the femoral artery and vein are doubly ligated and severed. The femoral nerve is 
ligated and severed near the junction with the n. saphenous. The feinoral nerve is then 
dissected distally and fastened to the fascia. 


from animal to animal, by computing the quotient, Q, of the difference in force 
between the operated and the control side, divided by the smaller of the two. 

Q = 7^ (operated) — F (control) 

F(smaller of two) 

A positive Q thus indicates a functional improvement of the partially de- 
nervated muscle. It was shoum before (3) that the Q after 2 to 6 months of re- 
innervation depends greatly on the degree of initial denervation. Although 
this influence is probably of less importance when the re-innervation is allowed 
to proceed for onlj^ two weeks, it seems indicated to compare only groups of 
experiments in which the mean forces on the control sides do not differ too much. 
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The above methods have been described in detail in a previous communica- 
tion (3). 

Results Re~innervaiion during the first two ^oeeks after partial denervation. 
in 24 rabbits the 6th lumbar spinal nerve was removed unilateral^. Two 
weeks later the contractions of the operated and normal sartorius muscles during 
stimulation of L5, were compared. The results are given in table lA. The 
mean force developed on the normal side was 57 grams, on the operated side 


TABLE 1 

Comparison of the force developed in the right and left sartorius muscles by stimulation of L5 

under various experimental conditions 


EXPERIilENTAL CONDITION 

NO. OF 
EXPTS. 

MEAN itUSCLE 
FORCE IN GRAMS 

QUOTIENT Q 


Norma] 

side 

Opera- 
ted side 

, Range 

Mean 

A. 2 weeks after removal of LG on 
one side 

24 

57 

so 

-3.0 to -f3.5 

4-0.6 ± 0.3* 

B. 5 to 6 weeks after denervation of 
m. quadriceps; 2 weeks after re- 
moval of LG on that side 

25 

51 

90 

-0.3 to 4-4.8 

4-1.3 ± 0.3 

C. 8 weeks after denervation of m. 
quadriceps 

22 

58 , 

58 

-2.0 to -f2.5 

4-0.1 it 0.2 

D. 6 weeks after cutting sciatic 
nerve; 2 weeks after removal of 
LG on that side 

22 

38 

54 

-1.4 to -t-3.1 

4-0.7 it 0.2 

E. 3 weeks’ application of e.vtract of 
degenerated muscle; 2 weeks after 
removal of LG on that side 

31 

33 

57 

-2.2 to -fG.O 

4-1.5 it 0.3 

P. 3 weeks’ application of extract of 
normal muscle;'2 weeks after re- 
moval of LG on that side 

32 

36 

49 

-3.1 to -h2.9 

4-0.5 it 0.2 


* Standard error. 


80 grams. The mean Q was -|-0.6, nith a standard error of 0.3. It has been 
shovm previousl}^ (3) that, although considerable individual differences are 
sometimes found in normal rabbits between tlie right and left sartorius con- 
tractions elicited by stimulation of L5, there is statistically no difference. ^ The 
mean Q of -f- 0.6 (statistically significant on the 5 per cent level), thus indicates 
that the “spontaneous” re-innen^ation has started 2 weeks after partial denerva- 
tion. This result is in accordance with a previous finding based on a smaller 

number of animals (3). . 

Ffiect of contaet with degenerating muscle on the spontaneous re-inncrvaiion. 
The largest portion of the sartorius muscle of the rabbit is in close contact with 
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the m. vastus medialis, part of the quadriceps muscle. The conditions for the 
transport of products from one muscle to the other therefore are excellent. Use 
has been made of this anatomical relation to test formation in degenerating 
muscle of products influencing the spontaneous re-innenmtion of paretic muscle. 

The quadriceps muscle can be denenmted conveniently by cutting the femoral 
nerve, leaving the n. saphenous intact. To prevent regeneration, the distal 
stump of the femoral nei-ve was dissected over some distance and was seum to the 
fascia as far away from the proximal stump as possible (fig. 1, II). Three to 
4 weeks were allowed for the formation of the hypothetical products in the de- 
generating m. quadriceps and for their diffusion into the m. sartorius. Then in 
a second operation the 6th lumbar spinal nerve was pulled out of the cord on the 
same side of the animal. An inter\'-al of two weeks between the partial dener- 
vation and the final appraisal of the muscle force of the noimal and operated 
m. sartorius was chosen, because, although the spontaneous re-innervation has 
started at this time it has not proceeded very far, and the effect of any procedure 
enhancing this process should be most apparent at this stage. 

This experiment was performed in 25 rabbits. The mean force developed on 
the normal side was 51 grams, on the operated side 90 grams (table IB). The 
mean Q was + 1.3, with a standard en'ov of ±0.3. These values can be eom- 
pared udth the mean Q value of + 0.6 ± 0.3 (table ] A) found in the control group. 
Tire mean Q in the experiment in which the sartorius was subjected to the in- 
fluence of the degenerating m. quadriceps was thus about twice as large as the 
Q of the control group. The statistical evaluation of these two experiments, 
however, shows that the difference found, though suggestive, does not quite 
reach statistical significance on the 5 per cent level (( = 1.76). 

Effect of denervation of the quadriceps muscle on the contraction of the m. sar- 
torius. The enhanced improvement in function of the paretic m. sartorius, in- 
duced by denervation of the quadriceps muscle (table IB), might be due to 
changes other than enhanced re-innervation, for instance to hypertrophy of the 
functioning muscle fibers. This possibility was examined in the folloufing ex- 
periment. In 22 rabbits the femoral nerve was severed in the way described 
above, leaving the n. saphenous intact. Tivo months later the contractions in 
the sartorius muscles elicited by the faradic stimulation of L5 on the normal and 
operated side were compared. The average force on both sides was 58 grams and 
the average Q was +0.1 with a standard eiTor of 0.2 (table 1C). It is obvious 
from this experiment that the deneiwation of the quadriceps muscle alone does 
not change the force of the sartorius muscle during stimulation of L5 and there 
thus is reason to believe that the enhanced improvement found in the group of 
experiments of table IB is an effect of the degenerating m. quadriceps on the re- 
innervation process in the m. sartorius. 

Effect of severing the homolateral sciatic nerve on the spontaneous re-innervation. 
Tliis series of experiments was concerned with the effect of the denervation of a 
muscle gi’oup at least as lai’ge as the m. quadriceps but not in close proximity to 
the sartorius muscle on the spontaneous re-inneiwation of the latter. In 22 
rabbits the sciatic nerve was severed at the place where it leaves the pelvis and a 
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few centimeteiR of this nerve were resected. This operation causes the degener- 
ation of the muscles of the shank and of the flexor muscles of the thigli from which 
the m. sartorius is separated by the adductor muscles and the m. gracilis, in- 
nervated by the obturator neive. Four weeks later the pai-tial denervation of 
the sartorius muscle was performed by pulling the 6th lumbar spinal nerve out 
of the cord, and after two more weeks the force of the normal and partially de- 
nen^ated m. sartorius was compared during the faradic stimulation of L5. The 
mean force developed on the noi'mal side was 38 grams, on the operated side 54 
grams (table ID). The mean Q was -1-0.7 vdth a standard error of 0.2. Since 
this Q is practically the same as found in the control group of table lA, it can 
be concluded that the spontaneous re-innervation in the m. sartorius is not 
influenced by degeneration in the muscles innervated by the sciatic nerve. 

Effect of an extract of degenerated muscle on the spontaneous re-innervation. The 
four series of experiments described suggest that the spontaneous re-innervation 
of a paretic muscle is caused or is at least enhanced by chemical agents pro- 
duced by degenerating muscle. The fact that the enhancement could be d’emon- 
strated only when the degenerating muscle was in close proximity to the m. 
sartorius would indicate that the products are not transported by the blood- 
stream, and can diffuse onlj^ over short distances. They might be fat soluble 
substances comparable as far as their mode of transpoi-tation is concerned with 
the neuro-humors respohsible for color changes in fish (Parker, 1936). 

To investigate this possibility, the effect of an ether extract of degenerating 
muscle on the spontaneous re-innezvation was examiped. Degenerating muscle 
was obtained from rabbits in which the spinal cord was removed caudal of L3 
to L4. In such animals tlie entire musculature of the hind legs and around the 
pelvis is denervated. Two weeks after the operation 150 to 200 grams of de- 
generating muscle could be collected per large rabbit. This amount of muscle 
was frozen in dry ice and was crushed, then extracted with 300 cc. of peroxide- 
free ether under constant shaking for 24 hours. In the course of this period the 
ether was renewed once. The ether was then distilled off, 3 delding (per rabbit) 

2 to 3 grams of an oily substance containing a white precipitate. An amount of 
the extract corresponding to 75 to 100 grams of degenerated muscle was injected 
into the fascia covering the sartorius muscle, thereby bringing the extract in the 
closest possible contact vdth the muscle. One week later this muscle was par- 
tially denervated by pulling the 6th lumbar spinal nerve out of the cord, and two 
weeks after this the muscle force of the two sartorius muscles of the animal was 
determined by stimulating L5. 

Three weeks after the application of the extract to the sartorius muscle it had 
in general not been completely resorbed. It had in most cases caused a con- 
siderable inflammatory reaction, evidenced by a marked hyperemia. 

This experiment was carried out on 31 rabbits; the results are given ® 
IE. The mean force on the normal side was 33 grams, on the operated side ^ 
grams. The mean Q was -f 1.5 with a standard error of 0.3. The inean Q m 
this experiment thus was more than twice as large as that of the control gi-oup o 



SPONTANEOUS EE-INNERVATION IN PAKETIC MUSCLES 


675 


table lA, and as that of the group of experiments compiled in table ID, which 
can also be considered as a control group. In this latter group the mean force 
of the control muscles is more equal to the corresponding value in the exper- 
iment in which the extract was used (table IE). These observations suggest 
that the extract has an enhancing effect on the spontaneous re-innervation; 
the differences, however, are statistically not quite significant (t = 1.9 for the 
experiments of table lA and IE, and t= 1.8 for those of table ID and lE). 

Effect of an extract of normal muscle on the spontaneous re-innervation. In 
another series of experiments an ether extract of normal muscle, made in exactly 
the same way as described above, was deposited on top of the sartorius muscle of 
32 rabbits. Again after one week this sartorius muscle was partially dener- 
vated and 2 weeks later its muscle force during stimulation of L5 was compared 
with that of the m. sartorius of the other side. 

The extract of the normal muscle caused the same irritation and hyperemia as 
that of degenerated muscle. The results are shonm in table IF. The mean 
force developed on the normal side was 36 gi'ams, on the treated side 49 grams. 
The mean Q was -bO.5, the standard error 0.2. The mean Q in this experiment 
is thus shghtly smaller than that of the control groups of table lA and ID. It 
is possible that this is an expression of the inflammatory damage to the muscle 
caused by the extract. An examination of the statistical significance, of the 
difference between the Q of the series treated with the extract of degenerated 
muscle, and that of this control series in which extract of normal muscle was 
used, showed that the difference is at least significant on the 5 per cent level 
(t= 2.5).’ The enhancing effect of the extract of degenerating muscle on the 
re-innervation thus seems to be lacking in extract of normal muscle. 

CONCLUSION AND SUMMARY 

The six groups of experiments described above suggest that re-innervation of 
the paretic sartorius muscle is enhanced by close contact with degenerating 
muscle or with an extract of degenerating muscle. The enhancement in general 
is small, which is not surprising as it is obtained against a background of “spon- 
taneous” re-innervation. This, vdth the considerable variability, makes it 
difficult' and laborius to obtain sufficient data which show statistically significant 
differences. However, other criteria support these conclusions. The largest 
Q’s are found in the series in which the sartoi'ius muscle had been subjected to 
the effect of degenerating muscle (table IB) or to the extract of such muscle 
(table IE). Besides the number of negative Q’s in these series is considerably 
smaller than in the control series. 

The differences between the effect of the extract of degenerated and of nor- 
mal muscle indicates that the degenerating muscle forms specific products, which 
cause, or at least enhance, the “spontaneous” re-innerration. These products 

* I am indebted to Airs. H. Bonner who applied the method of covariance to the data of 
table IE and IF, and showed that the mean square for the adjusted means divided by the 
mean square for error, yields a value for F greater than that at the 1 per cent point. 
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seem to be absent or less abundant in normal muscle. In this way the degener- 
ating muscle fibers in a paretic muscle would themselves produce some of the 
factors in the chain of events leading to the recovery of their function. 

I am greatly indebted to Mrs J. Wiersma and Miss R. E. Estey for valuable 
assistance. 
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Mann and his associates (1, 2, 11) were able to demonstrate that the liver of 
the dog was an essential agent in the destruction of blood uric acid. Their work 
has been confirmed in the rabbit by McMasters and Drury (10) and by Svedberg, 
Haddock and Drury (13). Maddock and Svedberg (9) found similar changes 
following total removal of the liver in monkeys. Belief in the hepatic conversion 
of uric acid to allantoin in subprimate mammals has been based upon three 
experimental observations: a, an increase in blood and urinary uric acid follow- 
ing hepateetomy (2) and a corresponding decrease in urinary excretion of allan- 
toin; h, the absence of a rise in blood uric acid after nephrectomy (1), this con- 
stituent presumably being converted to allantoin by the still intact liver, and c, 
the presence of the enzyme uricase in the liver of such animals (4, 7, 14). Tech- 
nical difficulties previously prevented the determination of allantoin in the blood 
of animals subjected to these surgical procedures. It was therefore impossible to 
quantitate the relationship of the liver to blood allantoin. Relatively little is 
knovm about the blood allantoin even of normal animals, since onl}’- recently 
have there appeared adequate methods for the assay of small samples. 

In the present report concomitant determinations have been made of the blood 
uric acid and allantoin in rats before and after nephrectomy, hepateetomy, and 
nephrectomy followed by hepateetomy. Our results suggest that the liver of 
the rat functions to convert uric acid to allantoin as the end product of its purine 
metabolism. 

Methods. Male albino laboratory rats of the Wistar strain, six to eight months 
old and weighing an average of 287 grams were maintained on a diet of Purina 
Dog and Laboratory Chows with occasional supplement of green vegetables. 
Determinations of blood uric acid and allantoin were made on 72 normal rats; 
on 42 rats after bilateral nephrectomy; on five rats after total hepateetomy; and 
on three rats after nephrectomy followed 15 hours later by total hepateetomy. 

Blood samples of approximately 1 ml. volume were obtained by cutting the 
tail of the ether-anesthetized animal, or by cardiac puncture. 

Kidneys were removed through short bilateral lumbar incisions. Blood sam- 
ples wei’e taken before and at 6, 15, 24, 48 and 72 hours after nephrectomy. As 
many as four samples were taken from the same animal. Post-operativety the 
rats received water but no food. 

Rats were hepatectomized after total viscerectomy. It was found best to re- 
move the liver by ligating each lobe near its pedicle uith soft wool yarn, taking 

' Aided bj- a grant from the Public Health Service. 
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care to avoid including the inferior vena cava. These animals were maintained 
for six hours by hourly subcutaneous injections of 2.6 to 5 ml. of 10 per cent 
glucose. 

Uric acid was determined by the macro method of Folin (6) on an aliquot of 
the unlaked blood filtrate. 




Blood Atlonloin in Mgs ?t< Cent 



6 12 
Hours Afler Nephrectomy 

Figs. 1. Histogram of blood allantoin 0.53 mgm. per 

Median l.S mgm. per cent; mean 2.1 mgm. per^t, standard 

/z (x^) 

cent, computed from the formula o- jU ^ ^ 

Fig. 2. The effect of nephrectomy upon the blood blood allantoin and 

Fig. 3. The effect of nephrectomy followed by hepatectomy upon 

uric acid of three rats. 

Allantoin was deteimmed according to the was used, 

modified in that an unlaked blood filtrate ‘ins in the unlaked cells 

thus avoiding from erg^hioneme wd 1 j j 

S\heVs b«ld by*c™ Cl ul. A yeast bkauk and two standard 
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solutions were run concurrently with almost all assays. The standards and 
blanlc were manipulated in the same fashion as samples^ their values as read on a 
Klett-Summerson photoelectric colorimeter (12) varied only slightly from day to 
day. In our hands the correction for uric acid w^as about i of the value of an 
equal concentration of allantoin, in the range from 1-5 mgm. per cent uric acid. 

Results. A. The blood allantoin concentration of normal rats. A distribution 
chart constracted from the results of 113 analyses of the blood allantoin of 72 
rats is presented in figure 1. The mean value was found to be 2.1 mgm. per cent 
and the median value, 1.8 mgm. per cent. Eighty-eight per cent of the allantoin 
values lay in the range from 1 to 2.5 mgm. per cent. The extreme range varied 
from 0.6 to 3.2 mgm. per cent. ' 

The average blood uric acid of the group was found to be 1.5 mgm. per cent 
(range; 0.5 to 3.4 mgm. per cent). 

B. The blood allantoin and uric acid concentration after nephrectomy. Blood 
allantoin concentration rose immediately, sharply, and steadily in the 42 rats 
after bilateral nephrectomy, as shown in figure 2. Its accumulation in blood re- 
sulted in the following average concentrations: Pre-operative, 2.1 mgm. per 
cent; 6 hours after neplnectomy, 11.3 mgm. per cent; 15 hours, 23 mgm. per 
cent; 24 hours, 32 mgm. per cent; 48 hours, 38 mgm. per cent; and 72 hours, 50 
mgm. per cent. 

Blood uric acid, however, remained substantially unchanged (see fig. 2). 

C. The blood allantoin and uric acid concentration after hepatectomy. Eight 
rats were hepatectomized. Blood uric acid increased rapidly following hepa- 
tectomy whereas blood allantoin concentration either remained the same or fell. 
The average pre-operative blood uric acid was 1.6 mgm. per cent, rising to 14 
mgm. per cent 6 hours after hepatectomy. 

Three of these animals were first subjected to a nephrectomju As figure 3 
indicates, the average blood allantoin in these animals rose from 1.9 mgm. per 
cent before nephrectomy to 24 mgm. per cent 15 hours after nephrectomy. The 
average blood uric acid concentration, however, showed little change in that it 
was 1.0 mgm. per cent before and 1.2 mgm. per cent 15 hours after nephrectomy. 
However, as soon as hepatectomy had been performed on these same rats, the 
blood allantoin concentration ceased to rise (see fig. 3). On the other hand, the 
blood uric acid concentration rose from 1.2 mgm. per cent before, to 13 mgm. per 
cent 6 hours after hepatectomy. 

Discussion. In the present study the blood allantoin concentration of 
normal rats was determined. As far as we know this is the first report of the 
blood allantoin concentration in a large series of tins species maintained on a 
relatively normal diet. Christman, Foster, and Esterer (3), however, have re- 
ported the blood allantoin in 13 rats existing on either a high or a low casein diet. 
The average concentration of their two groups was 1.22 mgm. per cent, a value 
considerably lower than the mean concentration of 2.1 mgm. per cent and 
median of 1.8 mgm. per cent found in our series. Our animals, of course, were 
receiving exogenous purine in their diet. 

The rapid rise of blood allantoin and the absence of any increase in blood uric 
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acid follo\ving nephrectomy furnished suggestive evidence that the conversion of 
uric acid to allantoin was responsible for the increase in blood allantoin following 
nephrectomy. Previous investigators (1, 13) have shown that no significant rise 
in blood uric acid occurs in the dog and rabbit after nephrectomy. However, the 
blood allantoin had not been determined in such experiments although it w'as 
tacitly assumed to rise. Our results indicate that such a rise actually does occur. 

The rapid rise of blood uric acid after hepatectomy has been reported pre- 
viously without concomitant determinations of blood allantoin. Our studies 
also show’^ed a rise in blood uric acid after hepatectomy. Moreover, it was found 
that blood allantoin under such circumstances failed to rise. In three animals 
subjected first to nephrectomy and then to hepatectomy, blood allantoin was 
found to increase in concentration until hepatectomy had been performed, after 
which time, it failed to increase. On the other hand, blood uric acid did not in- 
crease until hepatectomy had been done. These procedures clearly indicated 
that the liver of the rat functioned to convert blood uric acid into blood allantoin. 
Furthermore, when the blood uric acid concentration 6 hours after hepatectomy 
(average: 14 mgm. per cent or 4.66 mgm. of nitrogen per cent) was compared 
wdth the blood allantoin concentration 6 hours after bilateral nephrectomy 
(11 mgm. per cent or 3.89 mgm. of nitrogen per cent) it was found that a differ- 
ence of only 16 per cent existed between the blood purine nitrogen concentrations 
of the two series of animals. IPhen the extensive surgeiy sustained by rats sub- 
jected to the hepatectomy-viscerectomy is considered, this difference of 16 per 
cent is of questionable significance. It seems likely then in the normal rat, that 
the uric acid not excreted in the urine is converted entirely into allantoin and 
that this conversion is accomplished chiefly, if not exclusively, by the liver. 

The presence of unease in the rat liver has been reported by Lan (8), by 
Klemperer ei al. (7) and by Truszkowski and Goldmanovma (14). The latter in- 
vestigators also reported a small amount of uricase present in I'at lddne 3 ^ Five 
of our 8 hepatectomized animals had intact, but anuric kidneys, yet blood 
uric acid accumulated ndthout anj'' rise in blood allantoin. It is evident that if 
kidney uricase Avere present, it rvas ineffective in these hepatectomized rats. 

suiuarAKV 

1. The median blood allantoin concentration of the adult male Wistar rat on a 
Purina chow diet was found to be 1.8 mgm. per cent. 

2. Concomitant determinations of blood uric acid and allantoin before and 
after nephrectomy and hepatectomj'' suggested that rat blood uric acid Is con- 
verted entirely to blood allantoin and that this conversion is accompished chiefly, 
if not exclusively, bj^' the hh^er. 


The authors wish to express their thanks for the technical assistance of Barbara 
Trousdale, Zora Gross and William Cano 
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Frame and Russell (1) found that the administration of insnliu to the “func- 
tionallj'' eviscei’ated rat caused a significant decrease in the rate and extent of 
rise in the blood amino acid content. The present study extends the observa- 
tions upon the eviscerated rat and supports the general conclusions of Frame and 
Russell b 3 ’' showing that the effect of insulin upon the level of blood amino acids is 
determined by the dose of insulin per se and is not modified significantly by wide 
changes in the level of blood glucose caused by the intravenous administration 
of different glucose loads at each insulin dose. 

Methods. Male rats of the Sprague-Dawley strain were used in these 
, experiments. The diet was Purina Dog Chow. T^en the rats reached a weight 
of 185 to 205 grams the inferior vena cava was ligated between the liver and the 
kidne 3 ’’s in order to cause the development of a collateral circulation. Asepsis 
was preserved in this operation. Wlien the animals reached a weight of 250 dz 2 
grams the 3 " were anesthetized (intraperitoneal injection of 18 mgm. of cyclo- 
pentenyl-allyl-barbituric acid sodium) and eviscerated by the procedure of 
Ingle and Griffith (2). All of the intra-abdominal organs were removed except 
the adrenals and the kidneys. The animals were not fasted. In these liverless 
animals one initial dose of the barbiturate was sufficient to maintain effective 
anesthesia throughout the experiment. 

Intravenous infusions of a 0.9 per cent sodium chloride solution Mth and 
^vithout added glucose and crystalline zinc insulin (Lilly) were made by two 
continuous-injection machines which delivered fluid from each s 3 Tinge at the 
rate of 20 cc. in 24 hours. Syringes of the Luer-Lok t 3 ’pe were selected to deliver 
20 cc. with a stroke of 65 mm. Two S 3 rringes were operated by one machine and 
6 syringes by the other. Each was powered b 3 '' a S 3 Tichronous motor, and the 
reduction of motion was achieved by a precision-built S 3 ^stem of gears so that an 
exact control of the rate of injection was maintained. The infusions were made 
into the saphenous vein of the right hind leg and were started within 3 miiiutes 
follouing the removal of the liver. The animals were secured in a supine position 
on an animal board and were enclosed in a cabinet having a constant temperature 
of 26.5 ±0.5 degrees C. 

At the end of the infusion period blood Avas drained from the abdominal aorta 
by a cannula. Heparin AA’as used as an anticoagulant. The analyses of blood, 
glucose were .by the method of Miller and Van Slyke (3). This proce ure 
. measures small amounts of non-fermentable reducing substances which col ect 
in the blood of eviscerated rats. Whole blood was pooled from 2 to 4 animals, 
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and its amino acid content was determined by the ninhydrin-carbqn dioxide 
method of Hamilton and Van Slyke (4). 

Expeklments and eesults. In experiment 1 (fig. 1) the values for glucose 
and amino acids of whole blood were determined at the end of 24 hours following 
evisceration. The levels of insulin dosage were 0.0, 0.25, 0.5, 1.0, 2.0, 4.0 and 
16.0 units per rat per 24 hours. At each insulin dose, 3 different glucose loads 
were tested with 8 to 10 rats per load. The highest load caused hyperglycemia, 
the median load maintained a near normal level of blood glucose, and the smallest 
load permitted the development of hj’poglycemia. The final level of blood 
amino acids Avas inversely proportional to the size of insulin dose and was not 
related to the glucose load or to the final level of blood glucose in these experi- 
ments. Ten rats which had recovered from ligation of the vena cava but Avere 



Fig. 1. Level of amino acids in whole blood in relationship to insulin dose, glucose load 
and blood glucose level, 24 hours folloAving CAdsceration. Averages and range of values. 

Fig. 2. Changes in whole blood amino acids in eviscerated rats not given insulin or glu- 
cose. Averages. 

not eviscerated Avere found to have an average level of 9.9 mgm. of amino acids 
per cent of whole blood. Eviscerated rats not given insulin had an average 
level of 28.4 mgm. per cent at the end of 24 hours, whereas the administration of 
large amounts of insulin to similar animals completely prevented the rise in 
amino acids. 

In experiment 2 (fig. 2) the concentration of amino acids in whole blood was 
determined at the end of 2, 4, 6, 8, 12, 16 and 24 hours of continuous infusion of 
0.9 per cent sodium chloride solution. The rate of increase in blood amino acids 
Avas much less than Avas reported by Frame and Russell (1) AA'ho found an average 
A’-alue of 43.3 mgm. per cent at the end of 5| to 6| hours as compared to the 
average value of 13.5 mgm. per cent at the end of 6 hours'in the present experi- 
ment. It Avas considered possible that the intravenous administration of fluid 
in these experiments may haA’e masked a true rise in blood amino acids by causing 
hemodilution. Accordingly, an additional series of blood samples AA^as taken at 
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2, 4, 6 and 8 hours following evisceration in animals which were not given an}" 
fluid. The rate of increase in blood amino acids (fig. 2) was essentially the same 
as shoi,vn by similar animals given intravenous .fluids. Kidney function was 
well maintained for several hours in the eviscerated animals of these experiments, 
and there was no significant change in the cell volume of the blood in those 
animals which received intravenous fluid and those wliich did not. 

Experiment 3 was a further attempt to identify the factors responsible for the 
quantitative differences in values for amino acids observed in this study as 
compared to the data of Frame and Russell which were derived from animals 
having a “functional” evisceration and which were fasted for 24 hours prior to 
operation. Accordingly, the concentration of ammo acids in whole blood was 
determined 6 hours follouang the evisceration of rats that had been fasted 24 
hours prior to operation. Eight rats were eviscerated hy the technique used in 
the above experiments and 8 rats were subjected to “functional” evisceration 
by the technique of Frame and Russell. These animals were not subjected to a 
preliminary ligation of the infei’ior vena cava; the gut was removed but the 
liver remained in situ after its arterial and portal vessels were tied. The rate 
of rise in blood amino acids was not greatly increased by the 24-hour fast and 
was not greater in the “functionally” eviscerated animals. The mean value at 
the end of 6 hours following “functional” evisceration was 14.7 mgm. per cent of 
whole blood as compared to 15.4 mgm. per cent for the completely eviscerated 
group. 

Discussion. The data of these experiments are consistent vdth the conclu- 
sions of Frame and Russell (1) that the rise in blood amino acids which follows 
evisceration in the rat. is' suppressed by the administration of insulin and that 
this effect is not related to the blood sugar level. We have more fully explored 
the dose-response effect of insuhn at high and low levels of glucose load and at 
high and low levels of blood glucose than was done by Frame and Russell. The 
level of blood amino acids was responsive to the amount of insuhn -per se and was 
not detei'mined bj" the level of blood glucose. It is not possible to conclude 
whether the change in the level of blood amino acids represents a direct effect 
of insulin upon protein metabolism or whether it is an indirect effect vhich is 
secondaiy to the action of insuhn upon the metabolism of carboh 5 '’drate. Frame 
and Russell have reviewed the other studies showing an effect of insuhn upon 
nitrogen metabolism. More recently Friedberg and Greenberg (5) have shown 
that insuhn depresses the level of amino acids in the blood of intact rats. 

Although the general results of this study support the conclusions of Fiame 
and Russell, there are significant quantitative differences in the values reported 
for the levels of amino acids in whole blood. They reported an average initial 
value of 15.1 mgm. per cent which increased to 43.3 by 5§ to 6| hours and 65.0 
by 8 hours. We found an average initial value of 9.9 which increased to 13.5 
at 6 hours and 15.8 at 8 hours. Frame and Russell found only a partial sup- 
pression of the rise in amino acids by insulin, whereas rve foimd complete sup- 
pression with insuhn. According to experiments 2 and 3 our lower values were 
not due to the intravenous infusion of fluids, nor to our failui e to as e anima s 
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for 24 hours nor to' the difference in. operative technique. The methods of 
chemical analysis of blood for amino acid content were different, and it is pos- 
sible that the differences in results were due to differences in the specificity of 
these methods. 

The use of a constant temperature chamber in these experiments upon an- 
esthetized, eviscerated rats has tended to stabilize the effect of insulin upon the 
level of blood glucose as compared to the lower and more variable results re- 
ported earher (6, 7). The effect of insulin upon glucose tolerance is increased 
by a rise in temperature of as Uttle as 1 degree C. The temperature of the 
anesthetized, eviscerated rat falls rapidly so that ivithin 2 to 3 hours following 
operation it is stabilized at 1 or 2 degrees above the temperature of the surr 
rounding air. We had anticipated that the maintenance of a higher environ- 
mental temperature would improve the -viability of these animals. To the 
contrary, an increase in environmental temperature above 28 degrees C. is 
followed by a marked reduction in survival time. Twenty-six-and-one-haK 
degrees G. has been selected as standard for our experiments. 

SUMMA.RY 

Eviscerated male rats were given continuous intravenous infusions of different 
concentrations of glucose and insulin over a period of 24 hours. In rats not 
given insulin the amino acid concentration of whole blood increased from a 
normal average of 9.9 mgm. per cent to 28.4 mgm. per cent at the end of 24 hours. 
The administration of optimal amounts of insulin completely suppressed this 
rise. 

The quantitative effect of insulin in suppressing the rise of blood amino acids 
Avas proportional to the dose and was not determined by the glucose load or by 
the level of blood glucose. 

The rate of rise in blood amino acids in rats not given glucose or insulin Avas 
steady during the 24-hour period and Avas not changed significantly by the 
intravenous administration of fluids during a period of 8 hours. 

The rate of rise in blood amino acids for 6 hours Avas increased only shghtly 
by a 24-hour fast and Avas practically identical to that of similar animals sub- 
jected to “functional” evisceration instead of complete evisceration. 
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Few investigators who have administered thyi'oid material to animals have 
determined dosage levels on the basis of the animal’s own thyroid secretion 
rate. It is generally believed that the amount of thjToid hormone in the'blood 
controls the secretion of the thjTotrophic hormone bj'’ the anterior pituitary 
gland. In order to produce a hyperthyroid condition more thyroid material 
must be given to an animal than its oum thyroid gland secretes because of the 
depressing effect on th3Totrophic hormone secretion by added amounts of thyroid 
material. The present work deals with the normal thyroid secretion rate of 
growing and mature male and female mice determined through the administration 
of thya’oxine and the feeding of thiouracil simultaneously. The thiouracil 
prevents the formation of endogenous thyroid hozmone with a resulting increased 
secretion of th 3 ’’rotrophic hormone. The thyroid gland responds by enlargement, 
and it is only by increasing the blood level of thyroid hormone to normal that 
the th 3 n-oid gland may be maintained at a normal size. 

Dempsey and Astwood (3) first suggested a thyi’oid secretion assa 3 ’’ by de- 
termining the amount of thyroxine needed to maintain normal thyroid size when 
administered concurrently .with a goitrogenic drug. This assa 3 ’' has been used 
in the study of thyroid secretion rates in the rat (1, 3, 5, 7-10), and in the chicken, 
goat, and bovine (13). ' 

Procedukb. Albino mice were purchased from a commercial breeder- and 
fed a ration mixed at this station which has proved satisfactor 3 '' for grovi-h, 
gestation, and lactation. Over the two week assa 3 ’^ period the experimental 
animals wei‘e fed ad libitum with 0.2 per cent thiouraciP in the ration and in- 
jected subcutaneously daily with varying levels of d,l-thyi’Oxine dissolved in 
the form of the di-sodium salt. Animals Avere weighed daily and injected in 
proportion to body weight. On the fifteenth da 3 ’’ animals were sacrificed, the 
thyroids removed and weighed on a precision balance to the nearest 0.05 mgm. 

Thyroid secretion rates w'ere measured during the summer and winter seasons. 
During the summer there was no conti’ol of environmental temperature, the 
range being 85 to 92°F., with an average of 87°. In the winter thermostatic 
control of our animal room allowed a temperature range of 78 to 82 F., with an 
average temperature of 80°. 

1 Contribution from the Department of Dairy Husbandry, Missouri Agricultural Expen- 
ment Station, Journal Series no. 1056. 

- Ed. Schwing, Harrison, Ohio. v r 

3 We wish to thank Dr. Mark Welsh of Lederle Laboratories, Pearl River, i\ . r .,tor tne 

thiouracil used in this study. 
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The values reported here are in terms of injected d,l-thyroxine which has one- 
half the potency of I-thyroxine (11), the form in which thyroxine is active in 
thyroglobulin. 

Eesults. Young mice, at three to five weeks of age, were fed thiouracil 
and injected -with thyi'oxine simultaneously. The mice were not segregated 
according to sex because of the small numbers in the groups and also because no 
differences were observed in the responses to treatment by the males and females. 
With the environmental temperatm-e averaging 80°T., the young mice secreted 
the equivalent of 9.2 ^g- of d.l-thyroxine per 100 grams body weight per day 
(table 1, fig. 1 ). Inasmuch as these animals were groiving, they served to il- 
lustrate an interesting point in connection with the thyroid secretion assay 
method used in this work. With the animal’s own thyroid secretion inactivated 
by the feeding of thiouracil, the only source of thyroid hormone would be the 
amount that was being injected. It would follow, therefore, that the amount 

TABLE 1 


Thyroid secretion rate 
Growing mice, 3-5 weeks of age 


TBIOURACIL IN 
FEED 

d. 1 THYROXINE 
in;ected/100 
GU. BW./DAY 

NO. OF MICEj 

BODY* WT. 

THYROID* WT. 

THY. WT.*/100 GM. 
BODY WT. 

% 



grams 

msfn. 

vtgm. 

None 

None 


15.6±1.90 

2.07db0.13 

13. 3± 1.09 


None 


12.1±0.33 

10.50±1.28 

1 86.8dbl0.23 


2.5 


11.2±0.36 

8.64db0.91 

77.9db 4.76 

0.2 

5.0 

11 

T5.3±0.43 

6.05rb0.96 

39. 5± 6.33 

0.2 

10.0 

8 

■ 14.8±0.09 

1.20±0.29 

8.1± 1.28 


Estimated thyroid secretion rate/day; 9.2 fig. per 100 gram body weight. 
* All means given with standard errors. 


of thjroxine required to maintain the thyi-oid gland at normal size would also 
be enough to cause normal growth gains. This was found to be the case (table 
1, fig. 1). The animals which received 10 fig. of d, 1-thyroxine per 100 grams 
body weight per day gained 85 per cent of then- initial body weight as compared 
to a gain of 93 per cent by the controls. The differences in the body weights 
betiveen the group injected with 10 fig. of thyroxine and the controls were not 
significant, according to an analysis of variance (14), either at the beginning or 
the end of the assay period. 

Mature mice, assayed for thjToid secretion rate during the winter months 
when temperature was held at about 80°F., secreted less thyiuid hormone than 
did the young mice on a 100 gram body weight basis under-the same conditions. 
Mature female mice secreted the equivalent of 5.5 fig. of djl-thyuoxine per 100 
grams body weight per day, or about one-half of what young mice produce, 
and mature male mice secreted the equivalent of 2.4 jug. of djl-thjToxine per 100 
grams body weight per day, or about one-fourth of the amount produced by 
3 ''oung mice (table 2, fig. 2). It follows then that the thyroid secretion rate of 
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Fig. 1. Thyroid weights and percentage body weight increases of growing mice, 3 to 5 
weeks of age, injected for 14 days -ndth .thyroxine during the simultaneous feeding of thi- 
ouracil. 


Fig. 2. Thyroid weights of mature mice kept at 80°F., and injected for 14 days with 
thyroxine during the simultaneous feeding of thiouracil. Solid line, males; broken line, 
females. 

Fig. 3. Thyroid weights of mature mice kept at 87°F., and injected for 14 days with thy- 
roxine during the simultaneous feeding of thiouracil. 


TABLE 2 


Thyroid secretion rate-80°F. 


THIOURACIL IN 
XEED 

d,I THYROXINE 
injected/ 100 
Oil. bw./day 

NO. OF incE 

BODY* WT. 

THYROID* WT. 

THY. Wr.VlOO 

Oil. BODY \VT. 

Mature males 

% 



grams 

ingm. 

mgm. 

None 

None 

74 

20.5±0.47 

2.46±0.12 

11.6±0.42 

0.2 

None 

38 

22.9±0.39 

9.72±0.50 

42.8±1.72 

0.2 

0.125 

19 

22.3db0.45 

S.52±0.67 

37.4±2.54 

0.2 

0.25 

19 

23.6±0.49 

8.95^0.68 

37.9d=2.57 

0.2 

0.5 

5 

21.2±1.38 

4.09db0.84 

19.3±2.75 

0,2 

1.0 

8 

22.S±1.29 

5.S6±0.81 

25.7±3.20 

0.2 

2.0 

8 

21.9±0.65 

3.40±0.49 

15.5±2.09 

0.2 

2.5 

10 

22.1±0.50 

2.32±0.39 

10.5±1.88 


Estimated thyroid secretion rate/day; 2.4/xg./100 gram body weight; 0.54/xg./mouse; ave. 
body wt. 22.5 gram. 


Mature females 


None 

None 

24 

0.2 

None 

10 

0.2 

2.0 

10 

0.2 

4.0 

10 

0.2 

6.0 

10 


19.9±0.29 

2.44d::0.14 

20.1±0.63 

7.17±0.60 

19.8±0.64 

3.85±0.48 

19.5±0.37 

3.60±0.72 

20.lzt0.46 

1.84±0.19 


11.7±0.62 

37.3ilr4.1/ 

19.4±2.29 

18.5±3.35 

9.2±0.87 


Estimated thyroid secretion rate/day; 5.5/«g./100 gram body weight; 1.09 ^.g./mouse; ave. 


body weight 19.9 grams. 

* All means given with standard errors. 
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mice declines with age. Another point of interest is that whereas there was no 
difference between male and female thyroid secretion rate in young mice, a 
difference beWeen sexes did show up in the mature mice. Females secreted 
somewhat more than twice as much thyroid hormone as did the males. 

In studjdng the thyroid secretion rate during the summer months, the tem- 
perature ranged from 85 to 92°F. with a mean of 87°. The higher temperature 
caused the thyroid Secretion rate to decline in mature animals as compared to 
studies made at 80°F. Male mice secreted the equivalent of 0.7 fig. of d.l- 
th 3 T:oxine per 100 grams body weight per day, or about one-fourth as much 
as at 80°F., and the females 3.2 fig., somewhat more than half of the amoimt 


TABLE 3 

Thyroid secretion rate-87°F. 


THIOtTKACIL IN 
FEED 

d» 1 THYROXINE 
INJECTED/IOO 

1 CIS, BW./DAY 

1 I 

|no. of mice 

1 ! 

BODY* WT. ' 

■ 1 

THYROID* IVT. 

1 

THY. WT.’/lOO . 

CM. BODY WI. 

Mature males 

% 

MS. 

1 

grams 

jngw. 

ingm. 

None 

None 

9 j 

26.1±1.30 

3.84±0.44 

14.7±1.49 

0.2 

None 

7 

24.2±0.66 

7.33±1.02 

30.3±3.78 

0.2 

0.5 

10 

21.6±0.40 

3.53±0.37 

16.3±1.67 

0.2 

1.0 

11 ! 

23.1±0.96 

2.78±0.24 

12.0=bl.l2 


Estimated thyroid secretion. rate/day;0.7 iig./lQO gram body weight; 0.17 Mg./mouse; ave. 
body weight 23.6 grams. 

Mature females 


None 

None ! 

9 ! 

20.6±0.56 

2.81±0.18 

13.6db0.78. 

0.2 

None j 

10 

21.5±0.52 

8.53±1.15 

39.7±5.79 

0.2 

1.0 ! 

9 i 

21.5±1.00 

5.00±0.62 

23.2±2.66 

0.2 

2.0 

10 

22.1±0.27 j 

3.56±0.34 

16.1±1.46 ' 

0.2 

i 4.0 

9 

21.2i0.62 ^ 

i 

2.52±0.21 

11.9±0.83 


Estimated thyroid secretion rate/day; 3.2 fig./lOO gram body weight; 0.68 Mg./mouse; ave^ 
body weight-21.4 grams. 

* All means given with their standard errors. 


secreted at the lower temperature (5) (table 3, fig. 3). These results show that 
there is a sex difference also at 8/°F., the females secreting almost five times as 
much thyroid hormone as the males on the basis of 100 grams’ body weight. 

Because of the differences observed in the thyi-oid secretion rate between 
young and mature mice, between mature males and females, and because of the 
effect of temperature on thyroid secretion rate, the investigator must regulate 
thjToid stunulation with regard to the animal’s ow response to physioloo-leal 
and environmental differences. At 87°F., for example, many male mic^ died 
followung a dosage level that was only enough to maintam a normal fehid 
hormone level in the blood of the females at the same temperature: If one 
washed to stimulate growing mice and gave twice the amount of hormone secreted 
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by the mature male at 80°F or about 5 ^g., he would not stimulate the growing 
imcebutsimply complement the thyroid secretion by the amount added inasmuch 
the grmving animal itself is already producing the equivalent of 9.2 /ig. of d,I- 
thyi’ojdne per 100 grams body weight per day. Any amounts of thyroid material 
given to animals up to and including their normal thyroid secretion rate simply 
cause a reduction in thyrotrophic hormone secretion by the anterior pituitary 
gland with a resultant decrease in thyroid hormone production by the animal's 
own thyroid. The net result then would be the same as if no hormone had been 
administered. 

Discussion. In agreement with the work reported here in the mouse, other 
workers have noted a decline in thyroid secretion per 100 grams of body weight 
■\vith the increase in size of the growing animal. Scliultze and Turner (13) 
reported tliis in the chicken and Monroe and Turner (8) in the rat. 

The difference in sex response to thyroxine injections has already been ob- 
served in the mouse by Schoeller and Gehrke (12). The}'' reported that equal 
amounts of thyroxine injected on a body weight basis stimulated greater carbon 
dioxide production in males than in females. Schultze and Turner (13) noted 
small but consistently greater thyroid , secretion rates in growing male White 
Plymouth Rock chickens as compared to females. Monroe and Turner (8) 
reported that young female rats secreted more thyroid hormone than males, 
but that as the animals grew older the sex difference was reversed. Schultze 
■ and Turner (13) fed the dimethyl ether of diethylstilbestrol to Barred Rock 
pullets and found that their thyroid secretion rate was not significantly dif- 
. ferent. The same authors also noted that castration lowered the thyroid secre- 
tion rate of young Plymouth Rock chickens. 

The differences observed in thyroid secretion rates at different temperatures 
agree ■with earher observations on the rat. The curves obtained on the rat by 
Dempsey and Astwood (3) agree ■with ours in that at cooler temperatures both 
show a steeper response slope to thyroxine injections. It is also of interest to 
correlate our observations on temperature with those of Herrington (4) who 
studied the basal metabolism of the mouse. He found the “zone of thermo- 
neutrality”, defined by Brody (2) as “the temperature at which heat loss from the 
body is equal to the minimum heat production”, to be between 85-92°F. On 
this basis, the mice kept at 80°F. Avould increase their basal metabolic rate in 
order to compensate for heat losses from the body. These values are correlated 
■with the present work in which the thyroid secretion rate increased in both- 
sexes at 80°F., outside of the zone of thermal neutrality. 

It is of interest at tliis point to correlate the thyroid secretion rate of mire 
with that of other species studied in these laboratories (table 4). On the basis 
of 100 grams of body weight, the male mouse ranks second to the male rat, the 
rat producing about one and one-half times as much hormone as the mouse. 
With the females and growing animals, however, the mouse produces more 
thyroid hormone than the other species studied. Thus female mire secre 
about three and one-half times as much thyroid hormone as Wliite Pl^outn 
Rock chickens, or twice as much as rats on a body weight basis. rouang 



THYKOID SECBETION KATE OF GROWING AND MATURE MICE 


691 


TABLE 4 


Thyroid secretion rale of several species 


ANIMAL 

BODY ^VEIGHT 

THYROID SE- 
CRETION 
RATE, pg. 
d,l THYROX- 
INE EQUIV./ 
DAY 

DAILY THY- 
ROID SECRE- 
TION RATE, 
#xg.d,l THY- 
ROXINE 
EQUIV./lOO 
CM. B.W./ 
DAY 

TEMPERATURE 



MS* 

MS* 

°F. 

White Leghorn cockerels (13) 

343.0 gram 

7.55 

2.20 

82-86 


1536.0 gram 

25.00 

1.36 

82-86 

White Leghorn laying hens 

1965.8 gram 

11.85 

0.60 

January 

(15) 





White Plymouth Rock cock- 

410.0 gram 


1.98 

82-86 

erels (13) 

1502.0 gram 

23.00 

1.53 

82-86 

White Plymouth Rock pullets 

360.0 gram 

8.75 

2.43 

82-86 

(13) 

1637.0 gram 

26.00 

1.69 

82-86 

Growing goats (13) 





males and females 

10.0 kgm. 

180.00 

1.80 

50-80 probable range 

females 

20.4 kgm. 

640.00 

3.13 

50-80 probable range 

females 

34.5 kgm. 

930.00 

2.70 

50-80 probable range 

Lactating goats (13) 





(milk yield 1.8 lbs ./day) 

43.5 kgm. 

1000.00 

2.29 

50-80 probable range 

(milk yield 2.6 Ibs./day) 

43.5 kgm. 

1425.00 

3.44 

50-80 probable range 

Calf (13) 

72.6 kgm. 

1500.00 

2.06 

50-80 probable range 

Cow (lactating) (13) 

454.0 kgm. 

10,000.00 

2.20 

50-80 probable range 

Male rats (8) 

85.2 gram 


3.64 

78 


275.7 gram 

9.54 

3.46 

78 

Female rats (8) 

81.1 gram 

3.75 

4.63 

78 


266.2 gram 

7.51 

2.82 

78 

Pregnant rats (8) 

190.8 gram 

5.59 

2.93 

78 

Lactating rats (8) 

209.1 gram 

6.48 

3.10 

78 

Growing mice 

14.8 gram 

1.36 

9.20 

80 

Mature male mice 

22.5 gram 

0.54 

2.40 

80 


23.6 gram 

0.17 

0.70 

87 

Mature female mice 

19.9 gram 

1.09 

5.50 

80 


21.4 gram 

0.68 

3.20 

87 


mice secrete four times as much thyroid hormone as the chick and twice as much 
as the growing female rat. 
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SUMMARY 

The thj^roid glands of young mice averaging 14.8 grams at five weeks of age 
produced the equivalent of 9.2 ng. of d, 1-thyroxine per 100 grams body weight 
per day. No sex differences were observed. 

Mature male mice kept at an average of 80°F. produced the equivalent of 2.4 
Hg. of d, 1-thyroxine per 100 grams body weight per day, and mature females 
secz’eted 5.5 fxg. 

At higher temperatures averaging 87°F., mature males secreted the equivalent 
of 0.7 jug. of d,l-th 3 Hoxine per 100 grams body weight per day and the females, 
3.2 fxg. 

From the results of these studies it has been shovm that physiological and 
environmental conditions affect the thyroid secretion rate in mice. 
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In other publications (Green and Bergeron, 1 ;Bobb and Green, 2) it was estab- 
lished that shock due to compression trauma increases in severit}'- as the environ- 
mental temperature is elevated, and decreases within limits as the emdronmental 
temperature is lowered. The present stud 3 - was designed to determine the rel- 
ative part plaj'^ed by the environmental temperature through its influence (a) 
on the body temperature and (b) on the temperature of the traumatized tissues. 

Methods. Random mongrel dogs were anesthetized by a subcutaneous in- 
jection of 2 mgm. per kgm. of morphine followed in 1 to 2 hours bj'’ an intravenous 
injection of 20 mgm. per kgm. of sodium pentobarbital -. Ydrile some of the ani- 
mals received additional sodium pentobarbital during the first part of the period 
of compression, none of them received any medication after the first 4 hours. 
Food was withheld for 20 hours preceding and for 30 hours following the begin- 
ning of the experiment. Water was withheld for 30 hours, beginning vdth the 
onset of anesthesia. 

All animals were traumatized by wrapping both hind legs with a tightly draum 
continuous spiral of rubber tubing from the ankle to the groin (3). Tlris pro- 
cedure produced both crushing and ischemia of the muscles of the hind legs. As 
soon as the compression tubes were in place the animals were placed on their side 
on animal boards in a constant temperature room. Thej’’ remained in the room 
for 48 hours or until death. 

The period of compression was 6 hours and during this time the tempemture of 
the hind legs was controlled bj’’ circulating water through a second set of rubber 
tubes Avrapped outside the compression tubes. The bodj’’ temperatre was con- 
trolled bj'’ varying the temperature of the constant temperature room. • After 
removal of the compression tubes, the animals were allowed to move about freely 
in cages in the constant temperature room. The rectal temperature, the temper- 
ature of the traumatized tissues, and the room temperature Avere recorded bj’’ 
means of iron constantan needle thermocouples, using a Leeds and Northrup 
micromax recorder. 

The Amlume of each hind leg AA'as measured bj’’ immersing the leg in a tall, cyl- 
indrical chamber filled Avith Avater before applying the compression tubes and 

^ Aided by Grant no. 643 from the Council on Pharmacy and Chemistry of the American 
Medical Association. 

- The sodium pentobarbital used in these experiments A\’as supplied through the courtesy 
of the Premo Pharmaceutical Laboratories, 443 Broadway, New York City. 
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again after death, or in the case of survival, after 48 hours. The difference in 
these two readings is recorded as the local edema, the figure in the tables being 
the sum of the edema in the two legs. 

Resuets. Three groups were studied as indicated in table 1. Group I, the 
control group, consisted of 9 dogs. The average environmental temperature was 
32.6°C., and the hind limbs were maintained at appro.ximately 38°C. Group II 
consisted of 10 dogs, studied at a loivered environmental temperature, (approx- 
imatel}'' 20 C.) but with the temperarure of the traumatized tissues approximately 
the same as the control group. Group III consisted of 8 dogs for which the 
average environmental temperature was approximately the same as the control 
group (32.8°C.), but in which the traumatized limbs were maintained at a lowered 
temperature (average 24.1°C.). 

Table 1 records the results of the e.xperiment. There were no indefinite sur- 
vivals, defined as those animals that lived for longer than 48 hours, in group I ; the 
average time of survival was 6.2 hours. Gi’oup II had a 10 per cent indefinite 
survival. The remaining dogs’ average survival time was twice that of the con- 
trol group. Group III had a 25 per cent indefinite survival and the average for 
the remaining animals u^as 2,4 times that of the control gi-oup. 


TABLE 1 


GROUP 

HIND LEO TEMP. 

CC.) 

ENVIRON. TEMP. 

rc.) 

RECTAL TEMP. 

rc.) 

NO, 

DOGS 

NO. 

SURV. 

SDRV. (HRS.) 

. 

EDEITA (uL./ECIT.) 

R.ingc 

Av. 

Range 

Av. 

Range 

Av. 

Range 

Av. 

Range 

Av. 

I 

38.5-39.0 

37.8 


32.6 

37.0-42,0 


.9 

0 

2.5-17.8 

6.2 

8.9-36.8 

22.3 

II 

36.0-38.5 

37.5 


19.7 

30.5-37.0 

34.1 

10 

1 


12.4 

15.4-48.2 

27.1' 

III 

21.5-26.5 

24.1 


32.8 

34.5-40.0 

37.9 

8 

2 

6.1-24.6 

14.9 


15.0 


The local edema in the control group averaged 22.3; in group II, 27.1; and in 
group III, 15.0 ml./kgm. The minus value in one case represented a decrease 
in limb volume possibly because the amount of edema produced was not suffi- 
cient to overcome the compression of the tissues caused by the wrappings. 

Discussion. Table 2 is the result of a statistical anal 3 ’’sis of the data presented 
in table 1. The t test and the Fisher tables of probability for this test were used. 
Comparison of the survival times of groups I and II shows a probabilit}'" slightly 
above the critical value of 5 per cent that such a difference might be exceeded by 
chance. We, nevertheless, believe this difference to be statistically significant, 
particular!}’" in view of the one indefinite survival in gi’oup 11. The computation 
of the t value did not include this dog. 

Comparison of the suindval times of the animals in group I ivith those of t c 
animals of group III wliich did not survive shows that the probability of obtaining 
a difference greater than this by chance is between 1 and 2 per cent. This indi- 
cates a high degree of significance, particularly in view of the 2 additional anima s 

which sun'ived indefinitely. • j ttt e . + 

Comparison of the amounts of edema in groups I and II and I and 111 s ov s a 

the differences in average edema are not significant. 
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These experiments confirm the earlier studies in rvhich it rvas demonstrated 
that placing the whole animals in a cool environment increased the chances of 
indefinite survival and prolonged the hours of survival of those that died and 
shows that the earlier results were in all likelihood due to the combined effect of 
the cool environment on the body of the animal, as well as on the traumatized 
tissues. 

It is not possible, on the basis of these results, to give an 5 ^ explanation as to the 
mechanisms immlved in the favorable response to cooling. It is quite probable 
that the greater survival of group IT, as compared with group I, maj' have been 
due to diminishing the amount of loss of water from the bodj’’ b}'’ evaporation, to 
facilitating the maintenance of cutaneous- vasoconstriction, and/or to diminish- 
ing the metabolic demands on the circulation. In previously published experi- 
ments it was shown that the metabolic activity of dogs is decreased by approx- 


TABLE 2 
Statistical treatment 



SURnVAL (HRS.) 
GROUPS I AND H 

SURVIVAL (HRS.) 
GROUPS I AND in i 

1 

1 



MEANS 

I 6.16 (9)* 

II 12.36 (9) 

I 6.16 (9) 
in 14.90 (6) 

122.3 (7) 

II 27.1 (10) 

I 22.3 (7) 

HI 15.0 (8) 

Diff. between the 
means = (Xi — Xs) ... 

1 

6.20 

8.74 

j 

4.8 


tt ; 1 

1.89 

2.69 

1 

0.99 

1.16 

1 

Probability J ‘ 

>0.05; <0.10 

>0.01; <0.02 

>0.3; <0.4 

>0.2; <0.3 


* Figures in parentheses are the number of animals in each group. 
Xi - X- 


, AcXi - XiY -h Z(X; - Zg)^ i/’ , 1 
y (Ai - 1) + (iV: - 1) y NiN^. 
f Probability = the likelihood that a difference numerically greater than this would 
be obtained by chance. Fisher’s tables (5). 

imately 10 per cent for each degree lowering of body temperature (3). During 
the period after release of compression, the average rectal temperature in group 
II was approximately 7 degrees less than that of group I. On this basis it might 
be postulated that the metabolic demands in group II would be appro.ximately^ 
50 per cent of those in group I. A part of the greater survival might be attributed 
to this. The edema in the legs was certainly not less and, if anything, was greater 
in group II than in group I. We may conclude that the animals did not survive 
longer because of lessening of the edema in the traumatized tissues and, in fact, 
survived better despite some tendency for greater local edema formation. 

The greater sundval in group III as compared with group I is probably due to 
the-occurrence of a lesser degree of edema in the traumatized tissues. However, 
since the difference in edema in the two groups is not statistically significant, one 
may postulate that other factors also played a part. These experiments give no 
evidence as to what these other factors may be. 
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SUMMARY 

A cool environment, which lowers the body temperature, and cooling of trau- 
matized tissues while maintaining the body in a warm environmental temperature, 
both increase the survival of dogs subjected to ischemic compression trauma of. 
their hind extremities. The improved survival cannot be explained on the basis 
of changes in local edema at the site of the trauma. 
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In previous studies (1, 2) it was observed that dogs traumatized by a six hour 
period of ischemic compression showed shorter surwval and more severe shock 
when anesthetized and cross-transfused •with test dogs than when anesthetized 
alone for similar intervals of time. One possible factor in the increased severity 
is the heparin used to prevent coagulation of the blood during the cross-trans- 
fusion. 

This paper is the report of a study designed to determine the effects of heparin 
upon ischemic compression shock (2). The study was initiated also because of 
the appearance in the current literature of reports that frostbite (3) and incipient 
gangrene (4), as well as other conditions often associated with trauma, were being 
treated bj'' the use of heparin. 

The low toxicity of heparin has been frequentl}’- described in the literature 
(5, 6), but apparently no observations have been made on animals in traumatic 
shock. 

Methods. The procedures used in these experiments were essentially the 
same as those described in the paper by Lipton, Denison; and Green (8). 

A cannula was placed in the external jugular vein of each dog to facilitate in- 
jection. Five hours after wrapping, 2.5 mgm./kgm. of heparin- in saline were 
injected intravenously into the test dog. This Avas followed by 0.5 mgm./kgm. 
every half-hour for 9 additional doses. The control dog received physiologic saline 
in volume equal in ml./kgm. to the volume of the heparin solution. 

Results. The survival times and temperatures in the various experiments are 
tabulated in table 1 . The surviA'^al time of all dogs kept at emdronmental temper- 
atures above 30 degrees centigrade never exceeded 6 hours^. The average suiud- 
val was 3.5 hours. No difference in survival was noticed between the heparinized 
and the non-heparinized animals. 

Longer survivals Avere noted in the animals kept at loAver enAuronmental tem- 
perature, but again no differences AA-ere noted betAveen the heparinized and non- 
heparinized animals. 

Complete gross autopsies Avere performed on all animals. Submucosal hem- 

^ Supported by Grant no. 576 from the Council on Pharmacj' and Cbemistrj^ of the Ameri- 
can jMedical Association. 

- The sodium pentobarbital used in these experiments was supplied through the courtesy 
of the Premo Pharmaceutical Laboratories, Inc., 443 Broadway, New York 13, N. Y. 

=■ The heparin was Idndly supplied by Lederle Laboratories Division, American Cyan- 
amide Company, Pearl River, New York. 

■* A total of 22 dogs in this form of shock have been studied. In every case the dog 
survived six hours or less. 
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orrhages m the duodenum and upper jejunum ; pulmonary edema; and increased 
interstitial fluid with blanching of the muscles of the wrapped extremities were 
seen in most of the dogs. No differences were noted between the heparinized 
and non-heparinized animals, nor between those dying at high or those at low 
environmental temperatures. 


TABLE 1 


DOG: H— HEPARINIZED, 

C— CONTROL 

WEIGHT 

AV. RECTAL 
TEMP. 

AV. ROOM 
TEMP, 

SURVIVAL 

TIME 

DIFFERENCE IN 
SURVIVAL H — C 


kgm. 

”C. 

°c. 

hrs. 

hrs. 

H— 1 

6.0 

40.5 

33.2 

1.7 

+0.2 

C— 1 

3.9 

38.4 

33.2 

1.5 

H— 2 

4.5 

39.7 

32.2 

3.0 

+0.2 

C— 2 

6.6 

37.0 

32.2 

2.8 

H— 3 

4.1 

35.1 

24.1 

9.1 

-3.6 

C-3 

4.8 

35.2 

24.1 

12.7 


H— 4 

5.0 

! 

28.9 

19.9 

22.2 

+15.0 

C-^ 

6.1 

32.2 

19.9 

7.2 


H-5 

6.1 

30.5 

19.8 

29.3 

+11.5 

C-5 

5.4 

29.2 

19.7 

17.8 


■ H-6 

6.6 

31.4 

22.3 

28.0 . 

-1.0 

C— 6 

7.0 

36.1 

j 22.3 

29.0 


H— 7 

7.4 

39.1 

28.0 

12.7 

-15.8 

C— 7 

4.4 

38'.3 

27.8 

28.5 


H-8 

5.1 

35.4 

31.1 

5.5 

-0.5 

C-8 

6.6 

34.0 

31.1 

6.0 


H— 9 

5.2 

36.1 

30.5 

3.0 

-0.3 

C— 9 

7.7 

37.0 

30.5 

3.3 


Average H 

5.6 

35.2 

26.8 

12.7 

+0.6 

C 

. 5.8 

35.3 

26.8 

12.1 



The differences in survival times were not statistically significant. In this case: 


^ - ■ = 0.12 which gives a probability > 0.9 (7). 

i /s(Xi-Xi)^ + 2(Xo-X2)» /±,±\ 

y (N. - 1) + (Ns - 1) ^ \^Nx 

CONCLUSION 

Heparin given in repeated doses over a 4| hour period in amounts sufficient to 
render the blood completely non-coagulable has no discernible effect upon the 
survival or upon the severity of the shock due to a preceding six hour period o 
ischemic compression of the hind extremities of anesthetized dogs. 
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^ In 1954 Goldblatt and his group demonstrated that h^'^pertension was con- 
sistently produced by constricting the renal arteries of dogs (1). This hyper- 
tension was, at least initially, due to a vasopressor substance produced by the 
ischemic kidnej^s (Houssay and Pasciolo, 1937; Houssay and Taquini, 1938 (2)). 
It was further demonstrated by Goldblatt and Kahn (3) that constriction of the 
aorta above the kidnej^s produced h}q)ertension which was also attributed to 
renal ischemia. The hypertension in either case appeared within a few minutes 
after the production of the ischemia (Enger, Linder and Sarre, 1938 (2)). 

From this point it was apparently reasoned that the pressor substance is prob- 
ably also produced when the mean arterial pressure falls markedly, as in shock, 
and the blood supph'' to all organs, including the kidneys, is decreased. Several 
groups of investigators sought and reported such a renal vasopressor substance 
in hemorrhagic shock (4, 5). Observing capillaries Zweifach and co-workers 
reported increased vasomotion, due to a substance traceable to the kidney (6) in 
certain phases of hemorrliagic (7) and tourniquet (8) shock. Using hemorrhagic 
shock it was observed hj Hamilton and Collins and by Bahnson that in the dog 
(9, 10) and rat (11) the mean arterial pressure was better maintained and the 
survival period longer (rat) in the sham-operated than in nephrectomized ani- 
mals. These findings led to rather widespread speculation on the importance of 
renal compensation in shock. 

The experiments reported here rvere designed to test the importance of renal 
compensation in ischemic compression shock. 

Methods. Mongrel dogs, weighing 4 to 16 kgm., were anesthetized wdth an 
initial subcutaneous injection of 5 mgm./kgm. of morphine sulfate followed in a 
half-hour by an intravenous injection of 35 mgm./kgm. of sodium pentobarbital.^ 
Subsequent small doses (3.5 mgm./kgm.) were given to keep the dog quiet. 
However, none was necessarj'- after removal of the compression. They were 
traumatized by m-apping the hind legs very tightly Avith rubber tubing for 6 hours 
as previously described by Green, DAvorkin, Antos and Bergeron (12). 

The dogs AA^ere traumatized in pairs and placed side-by-side in a constant tem- 
perature room AAdiich Avas kept AAuthin range of 2 to 3 degrees for each pair of dogs. 
From other experiments (13) it Avas knonm that AAuth enAoronmental temperatures 
above 3G°C. animals in shock as produced above could be e.xpected to die in six 

A Aided by a grant from the Ella Sachs Plots Foundation. . , t u t • 

2 The sodium pentobarbital was kindly supplied by Premo Pharmaceutical Laboratories, 

Inc., 443 Broadway, New York 13, N. Y. 
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hours or less. . Since mean arterial pressure readings were desired for the duration 
of the- animal’s life, temperature ranges between 28°C. and 33°C. were selected. 

A cannula for recording the mean arterial pressure by mercury manometer was 
inserted into a carotid artery of each dog. One milliliter of a solution containing 
50 mgm./ml. of heparin placed in the cannula and adjacent tube proidded ex- 
cellent control of clotting^ In the hour preceding removal of the compression, 
the kidneys were freed and vessels dissected in both dogs. Ligatures were 



Fig. 1. Average mean arterial pressure of surviving dogs. Zero line represents the time 
at which compression was removed from the legs. The time to the left of the zero line 
represents the last f hour of compression when the operative procedures were done. The 
numbers show the number of sham-operated and nephrectomized animals alive at each 
point. The figure in parentheses is the Fisher “t” value comparing the averages of the 
mean arterial pressures of the surviving nephrectomized animals with those of the surviving 
sham-operated dogs. 

tightly tied around (or hemostats applied to) the renal pedicles in the test animals 
while in the sham-operated a loose ligature was placed about the pedicles. 

Results. Effect of nephrectomy on mean arterial pressure. The average of the 
mean arterial pressures of the survivors of each group of dogs is plotted in figure 1. 
During the period of ischemic compression the mean arterial blood pressures 
were usually between 150 and 180 mm.; the arterial pressures of both groups be- 
gan to fall in the hour prior to removal of compression presumably due to the 
trauma of nephrectomy, sham-operation and cannulation. The average fall in 

^ The heparin was supplied through the courtesy of Lederle Laboratories Division, 
Cyanamide Company, Pearl River, N. Y. 
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piessure in the first quarter hour on removal of the compression averaged 48 
Dam. for the eleven nephrectomized dogs and 60 mm. for the eleven sham-operated 


TABLE 1 


PAIS NUUBCS 


Comparison of the mean arterial pressure of pairs 


TIME IN HOOTS 



4 

i 

0 

i 


-hi 

4-1} 

4-2 

4-2} 

-f3 

n 

-28 

-18 

-12 

0 

4-2 

4-6 

4-36 

4-28 

4-12 

4-74* 

F2 

-10 

-14 

4-6 

-4 

4-6 

4-14 

t 

t 

t 

t 

F3 


-12 

-4 

-10 

4-6 

4-16 

4-20 

4-12 

4-24 

4-24 

■ F4 



0 

-24 

-20 

4-10 

-4 

0 

t 

t 

F5 

-fse 

4-46 

4-28 

4-8 

0 

4-4 

-54* 

t 'i 

t 

t 

F6 



4-6 

4-8 

4-22 

4-38 

4-56 

4-56* 

4-54* 

4-46* 

F7 

1 

i 

4-52 

-10 

-16 

4-22 

-38 

* 

o 

1 

-50* 

-50* 

F8 

+6 

-IS 

4-8 

-6 

-38 

-92* 

-80* 

1 -84* 

-76* 

-70* 

F9 

-60 

-f26 

4-36 

0 

4-4 

-20 

-56* 

-64* 

-71* 

-^75* 

FIO 


4-52 

-23 

0 

4-20 

4-46 

4-38 

4-34 

4-32 

4-14 

Fll 

-fl6 

4-32 

4-82 

4-70 

4-80 

4-96* 

4-86* 

4-86* 

4-80* 

4-64* 


All pairs 


Average 

-3 

4-12 

-fl4 

4-4 





0 

-hs 

! 

39.7 

30.2 

30.1 

23.9 1 

30.4 

39.0 j 

56.6 

56.9 

59.9 

60.2 

n • 

0.20 

1.11 

1.53 




0.01 



0.14 

(deg. freedom) 

(5) 

(7) 

(10) 




(9) 

(8) 

(7) 

(7) 


Living pairs only 


Average 

-3 

1 

4-12 

4-14 

4-4 

4-6 

4-15 

4-18 

4-18 

4-23 

-19 


39.7 


30.1 

23.9 

30.4 ; 

1 

19.3 

34.1 

1 

15.5 

10.0 

7.1 

(deg. freedom) 


1.11 

(7) 


0.55 

(10) 

0.65 

(10) 


1.27 j 
(5) 

2.32 

(3) 


3.72 

(1) 


0.05 



O.Ou-0.1 

0. 1-0.2 



These figures are the mean arterial pressures of the nephrectomized animals subtracted 
from the mean arterial pressures of the sham-operated dogs. 

*■ One of this pair was dead. Therefore, its mean arterial pressure was zero. . 
t Both of pair were dead. 

t Calculated.-^ = ^ ^ <r = 1 y " >' ^ figures in the above table; 

d = average difference. 


dogs. In the period of shock after release of the compression tubes the surviving 
dogs of the sham-operated group had an average pressure sustained from 2 mm. 
to 14 nun. higher than the nephrectomized. However, on statistical analysis, 
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using Fisher’s “t” test, the differences are not significant at the 5 per cent level 
at anj’- point. 

Table 1 is an analysis of the mean arterial pressures of the individual pairs of 
dogs. Here there was only one statisitically significant average difference be- 
tween the nephrectomized and sham-operated dogs (at 1 hr.). 

Effect of nephrectomy on survival. Although there was great variability 
(-4.2 to -1-5.1 hrs.) in the difference of survival times of any pair of dogs the 
average difference is zero. The average survival for each group is exactly the 
same, 3.2 hours (table 2). 

Discussion. The results of these experiments appear to conflict with the 
results obtained by various investigators cited previously. However, in this 
case ischemic compression shock was used, while Hamilton and Collins and 
Bahnson used hemorrhagic shock. It is possible that the difference in the 


TABLE 2 

Survival time in hours 


PAIR 

NEPHRECTOMIZED 

SHAM^OPERATE 

DIPPERENCE 

Flo 

4.3 

8.5 

-4.2 

F6 

1.5 

4.6 

-3.1 

Fll 

0.7 

3.5 

-2.8 

FI 

2.9 

5.4 

-2.5 

F3 

3.2 

4.3 

-1.1 

F2 

1.5 

1.6 

-0.1 

F4 

2.3 

2.4 

-0.1 

F5 

2.0 

1.2 

-1-0.8 

F7 

4.6 

1.5 

4-3.1 

F8 

5.6 

0.7 

4-4.9 

F9 

6.2 

1.1 

4-5.1 

Average 

3.2 

3.2 

• 0 


average mean arterial pressures of the two groups of animals may conceivably be 
due to a renal vasopressor substance. The small degree of this difference may be 
attributable to the fact that shock produced bj’’ ischemic compression is more 
severe in some ways than that produced by hemorrhage. For example, with 
extensive damage to small vessels such as produced in traumatic compression, 
the arterial pressure, if sustaned at higher levels, may lead to greater fluid loss 
than in the animals with a lower arterial pressure. 

CONCLUSION 

These experiments suggest that, while the presence of the kidne 3 ''s in trau- 
matized animals maj'’ produce a slightlj’’ higher mean arterial pressure during the 
period of ischemic compression shock, the overall survival time is not changed. 
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Skeletal muscle when deprived of its motor nerve supply exhibits certain 
functional characteristics which differ from those of normal muscle (1). The 
nature and degree of difference depend somewhat upon the particular muscle 
and the species under consideration. The functional changes include the con- 
stant presence of fibrillary activity, an increased sensitivity to potassium, adren- 
alin and acetylcholine, a change in the strength-duration characteristics of 
excitation and a contracture response to both dorsal root stimulation and intra- 
venous injections of acetylcholine. Changes in blood flow, temperature and 
duration of contraction and relaxation have also been noted in skeletal muscle 
following denervation (2, 3). However, such observations have suffered from 
a lack of quantitative data and have led to inconsistent conclusions. The 
purpose of the present study was to investigate the nature, extent and causal 
relationships of the changes in blood flow, temperature and duration of periods 
of contraction and relaxation in skeletal muscle at various intervals after de- 
nervation. 

Methods. AU experiments were carried out on adult dogs. Denervation 
was accomplished rmder ether anesthesia by sectioning the sciatic nerve at the 
level of the trochanter and by cutting the femoral nerve just below the ligament of 
Poupart. The unoperated contralateral limb served as a control. Muscle tem- 
peratures were measured at various times after denervation by inserting into the 
belly of the gastrocnemius muscle an iron-constantan junction thermocouple, 
soldered into a number 20 hypodermic needle. The temperature was calculated 
from the e.m.f . registered by a Leeds and Nortlirup potentiometer. 

Measurements were made of temperatures in the deneiwated gastrocnemii at 
various times after operation and compared with those in their unopefated 
contralateral controls. In addition, the efficiency of the temperature regulating 
mechanism in denervated limbs was compared with that in normal limbs. This 
was done b 3 '' recording the temperature difference between normal and denervated 
muscle while the animals were in an environment of 25°C. and — 2‘’C. 

In order to compare the effect of application of heat to normal and denervated 
muscle short-wave diathermy (15-25 megacycles) was applied to both the control 
and denervated gastrocnemii of 29 animals. Care was exercised to insure uni- 
form technique; the maimer of application, dosage intensity and duration of 
application were the same for both normal and denervated limbs. One group of 
1 1 dogs was treated for 15 minutes with a machine dosage of 1500 m.a. and another 

» Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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group of 18 animals was treated with a machine dosage of 2000 m.a. The muscle 
temperatures were taken both before and immediately after diathermy treat- 
ments. ' 

The effects of denervation upon the contraction and relaxation times of the 
gastrocnemius muscle were determined in studies on 8 dogs, each having been 
subjected to a denervation of one hind limb as described previously. Studies 
were also made on the muscles both before and after treatments mth diathermy. 
The animals were placed in a supine position with both legs firmly supported at 
the knees and the toes were attached to recording stylii with the aid of cord and 
pulleys. Adequate break shocks from an inductorium Avere delivered to the 
muscles through needle electrodes, one in the Achilles tendon and the other near 
the origin of the muscle. The isotonic twitch responses of the experimental and 
contralateral control muscles Avere recorded on a rapidly moving kymograph 
simultaneously AAuth the vibrations of a 100 d.v. electrically-driven tuning fork. 
Ordinates were constructed on the graphs and the time interval of each phase Avas 
read in 0.01 second limits. 

Measurements of blood Aoaa' AA^ere made by means of a bubble-floAA' meter as 
described by Dumke and Schmidt (4). Simultaneous bilateral measurements of 
blood floAV AA’’ere made in most experiments, one in the femoral artery of the de- 
nei-Amted limb and the other in the arteiy of its non-deneiwated control. The 
measurements AA’'ere made AAdth the animals under nembutal anesthesia and Avith 
the use of heparin as an anticoagulant. Care aa^bs taken to insure the mainte- 
nance of blood fluidity by additional injections of heparin. The cannulae Avere 
inserted as high as possible in the femoral artery and Avere matched AAothin narrcAA' 
limits of internal diameters and interchanged at random to rule out consistent 
effects of occlusion of the lumen of the artery. In all cases sufficient time AA^as 
alloAA'ed before taking blood floAv measurements to obviate ischemic effects Avhich 
might haAm resulted from the unavoidable circulatory interruptions during . 
cannulation. For the purpose of studying the immediate effects of denerA'-ation 
on blood flow, the nerves Avere exposed but not cut until after measurements had 
been made of the control blood floAv in that limb. 

Results. The experimental results of the studies on the temperature char- 
acteristics of denervated and control muscles are summarized in table 1. These 
include studies made on 27 animals during the first 3 da3"s folloAA'ing denervation 
and during a later period of 14 to 60 days after operation. In every case it AA^as 
found that the temperature of denervated muscle AA^as significantly loAver than 
that of its contralateral control. This aa'BS true both for the studies made early 
and for those made late after denervation. Differences betAveen the temperatures 
of control and experimental muscles AA^ere also present in animals AARich had been 
kept at an enAuronmental temperature of — 2°C. for 2 hours. In the experinients 
conducted in the cold environment both deneiwated and control muscles exliib- 
ited a fall in temperature, but the change aa’-bs more pronounced in the case of 
the former. It appears that normal muscle, Avhile undergoing a significant drop 
in temperature in the colder enAuronment, AA^as better able to compensate for a 
lowered environmental temperature than AA''as the denervated muscle. In 
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table 1 are summarized the data from studies on 11 dogs relative to the heating 
effects of diathermy on normal and denervated muscle. These data show that 
the heating effect is greater in the denervated muscle than in the normal muscle. 
This was true for two different dosages of diathermy. The lighter dosage, 
applied for 15 minutes, was insufficient to produce a significant rise in the tem- 


TABLE 1 

Average values with standard deviations for the effects of denervation 
on muscle temperature 


EXPERIMENTAL CONDITION 

CONTROL 

DENERVATED 

DirrERENCi:* 


“C. 

'C. 

"C. 

During first 3 days after denervation 

39.28 ±0.743 

38.54 ±0.866 

-0.74 ±0.350 
i = 6.03 

During 14 50 days after denervation 

38.76 ±0.458 

38.07 ±0.707 

-0.69 ±0.020 
t = 7.95 

Animals kept at 25°C 

39.30 ±0.74 

38.5 ±0.99 

-0.70 ±0.35 
t = 6.04 

Animals kept for 2 hours at ~ 2°C 

38.60 ±0.78 

36.60 ±1.47 

! 

-1.90 ±1.63 
t = 7.67 

Before diathermy 

38.9 ±0.54 

38.2 ±0.66 

-0.70 

After diathermy at 1500 m.a 

39.1 ±0.47 

39.6 ±0.54 

-1-0.50 

Before diathermy^ 

38,7 rt;0,50 

38.1 ±0.74 

-0.60 

After diathermy at 2000 m.a 

40.2 ±0.70 

40.8 ±1.03 

+0.60 


* Increment of temperature in denervated muscle. 


TABLE 2 


Effect of denervation on the contraction and relaxation times of the 
gastrocnemius muscle 


EXPERIMENTAL CONDITION 

MUSCLE 

1 TEMPERATURE 

: CONTRACTION TIME 

RELAXATION THEE 

TOTAL TWITCH 
TIME 


°c. 

sec. 

sec. 

sec. 

Unoperated control 

38.6 ±0.47 

0.057 ±0.005 

0.086 ±0.025 

0.143 ±0.004 

Denervated 

Denervated and 

38.3 ±0.47 

1 

0.073 ±0.015 

0.121 ±0.025 

0.194 ±0.031 

diathermy i 

40.9 ±0.54 

0.057 ±0.0059 

0.078 ±0.0156 

1 

0.135 ±0.0169 


perature of control muscle but it caused a significant increase in the temperature 
of denervated muscle. The larger dosage, applied for 15 minutes, caused signifi- 
cant increases in temperature of both denervated and control muscle, but the 
increase was greater in the denervated muscle than in the control. 

The data concerning the effects of denervation on the contraction and relax- 
ation times of the gastrocnemius muscle of S dogs are summarized in table 2. It 
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was shown that the durations of the periods of contraction and relaxation were 
significantly prolonged follomng denervation. Elevation of muscle temperature 
by means of diathermy treatments was accompanied by a shortening of con- 
traction and relaxation times in denervated muscle. These studies offer evidence 
contrary to the view that the slower response of denervated muscle is due in a 
large measure to its lower temperature, since it was found necessary to raise the 
temperature of denervated muscle b}'’ as much as four times its degree of subnor- 
mality before the duration of the periods of contraction and relaxation approxi- 
mated those found in contralateral control muscle. 

TABLE 3 


Effect of denervation on blood flow. The flow in femoral artery of denervated limb is 
expressed as per cent of that in contralateral control 


DUMBER 

DAYS AFTER 
DENERVATION 

denervated 

CONTROL 

NTJUBER 

DAYS after 
DENERVATION 

DENERVATED 

CONTROL 



^fer C€nt 



per cent 

1 

0 

192 

1 

27 

72 

2 

0 

241 

2 

27 

60 

3 

0 

144 

3 

28 

69 

4 

0 

180 

4 

29 

82 

5 

0 

189 

5 

31 

96 



— 

6 

45 

74 

Mean 


189 

7 

50 

59 




8 

52 

98 

1 

3 

151 





2 

3 

93 

Mean 


76 

3 

5 

141 




4 

5 

91 




5 

7 

64 




6 

8 

120 




7 

9 

96 




8 

9 

105 




9 

12 

102 




10 

18 

97 




11 

19 

131 




12 

21 

74 




Mean 


105 





The data from bilateral blood flow studies at various times after unilateral 
denervation are summarized in table 3. The studies were made on different 
animals at three periods of time after denervation. The observations designated 
as “immediate” were made at various times vfithin the first 2 hours after section 
of both the sciatic and femoral nerves and show that the average blood flow in the 
femoral artery was almost doubled follovfing denervation. In 12 experiments 
made in the period of 3 to 21 days subsequent to denervation, 6 showed a greater 
rate of flow in the control limb and 6 showed a greater flow rate in the denervated 
limb. In the group studied during the period of 27 to 52 days after denervation, 
all cases showed a lesser flow iq.the dener\’'ated than in the control limb. 













TEMPERA.TURE, BLOOD FLOW AJJD ACTIVITY IN SKELETAL IMUSCLE 709 

Discussion. The results of these studies were consistent in showing that 
deneiwation was folloived changes in the temperature, in the blood flow and 
in the contraction and relaxation times of the muscles of the limb. In genet al, 
denervation of a limb resulted in a subnormal muscle temperatuie, uhich nas 
apparent soon after denervation and which persisted for the full period of observa- 
tion. An increased blood flow rate ivas noted immediately after denervation, 
but, as the period of time subsequent to denervation was extended, the flow rate 
tended to return to normal limits. Further extensions of the period of denerva- 
tion were accompanied by greatly reduced blood flow rates in the denervated 
limbs, the decreased blood flow being paralleled by a decreased muscle weight. 
There were no indications that the blood supply in the denervated limbs was in- 
sufficient for the general metabolic needs of the muscle under conditions of the 
demands put upon it. 

The mechanism of the subnormal temperature in the denervated limb is 
obscure. In these experiments the areas tested had been deprived of both so- 
matic and autonomic innervation. The loss of heat production resulting from 
absence of tone and of contraction must be considered as a factor along with 
changes in the circulatory pattern regulating the distribution, dissipation and 
conservation of heat. This view is supported by the fact that animals placed in 
a cold environment showed a greater decrease in temperature in the denervated 
limb than in the normal limb. Moreover, essentially the same difi’erence in 
temperature ivas found between denervated and normal muscle during periods 
in which blood flow measurements showed vddely unrelated blood floiv rates. 
These findings suggest that a lowered metabolic rate and heat production, unre- 
lated to blood supply, may be an important factor contributing to the subnormal 
temperature in denervated muscle. In this connection it is interesting to point 
out that standard doses of diathermy, applied separately to denenmted and normal 
limbs, caused a consistently greater increase in temperature in the denervated 
muscles than in the control muscles. This unequal heating effect of diathermy 
was also noted in periods wherein blood flow measurements showed widely diver- 
gent values. 

The mechanical response of denervated muscle to single induction shocks 
showed that the response time was extended in denervated muscle. The relaxa- 
tion time was prolonged relatively more than the contraction time, but this pro- 
longation did not compare in magnitude with that observed bj'- others (2) in 
denervated muscle wherein.the muscle ivas activated by longer periods of stimulii 
and the responses resembled a form of tetanus from repetitive discharges. 
Doupe (3) concluded that the sluggish response of denervated muscle was due in 
a large measure to its subnormal temperature. However, in the present studies, 
temperature differences would account for only a small part of the prolongation 
of response, since it was necessary to elevate the temperature of denervated 
muscle by approximately four times its degree of subnormality before response 
times were vithin the range of those for control muscle. These obseiwations lead 
to the conclusion that the over-all mechanical response of denervated muscle is 
inherently slower than that of normal muscle even when both the stimuli pattern 
and the temperature are the same. 



710 


C. R. KEMP, W. AV. TUTTEE AND H. M. HINES 


It is well to point out the limitations of the technique used to measure blood 
floAV rates before attempting anj'- analysis of the effects of denervation upon the 
circulatory pattern. The bubble-flow meter permitted observations to be made 
only upon the flow rate in the femoral artery, alone, and did not give anj^ in- 
formation concerning blood floAV in vessels supplied by other arteries in the limb. 
It was not possible to deduce the state of blood flow in bone, connective tissue, 
muscle and other specialized regions supplied by the artery. Moreover, it is 
recognized that the procedures required general anesthesia, the use of heparin as 
an anti-coagulant and the sectioning and cannulation of the artery itself. These 
conditions in themselves certainly affect blood flow rates in the vessels concerned ; 
it could only be assumed that such factors affected denervated and control 
limbs to the same degree and in the same direction. 

The increase in blood flow rate Avliich occurred immediately upon the section- 
ing of the nerve supply of the limbs can be ascribed to loss of vasomotor control. 
The gradual return of blood flow rates to Avithin norm.al control limits Avas com- 
pleted too early to be ascribed to re-innefvation of the limb. The decrease in 
blood floAv rates to subnormal levels in more extended periods of denervation 
could not be ascribed to loAvered temperatures in the muscles for tAAm reasons: 
first, that blood floAv rates in the denervated limbs could not be returned to nor- 
mal b.A'’ raising the muscle temperature to normal and above-normal levels by 
means of diathermy and other thermogenic agents; second, that such subnormal 
temperatures in denervated muscle AA’^ere established early in the post-denervated 
periods, during Avhich all observations indicated an elevated blood floAv rate. 

The time of onset of the reduced blood Aoav is in accord Avith the effects postu- 
lated by the laAv of denervation, wherein an increased peripheral resistance 
may result from the response of sensitized structures in the denervated Amssels 
to epineplu’in and other vasoconstricting agents. Another factor AAMch must be 
considered is that of a decrease in vasodilatation stimulii mechanisms associated 
Avith a loAA^ered metabolic level in the atrophic muscles. It is of some signifi- 
cance that the decreased blood Aoav noted in the extended periods of denervation 
Avere commensurate AAuth the degree of muscle atrophy existing in each animal 
at the time of blood flow measurement. The magnitude of the reduction in blood 
flow AA^as not such as to suggest that ischemic states exist in the tissues of the 
denervated limb. 

In view of the paucity of information concerning the factors regulating the 
production of heat in tissues by means of diathermy, it is hazardous to venture 
an opinion as to AAdiy diathermy consistently produced a greater temperature 
rise in deneiwated muscle than in normal muscle. It has been pointed out that 
such unequal heating effects cannot logically be explained totally in terms of a 
decreased dissipation of heat bj'' reduced blood Aoav, because it was found im- 
possible to correlate the blood Aoav pattern at A’-arious post-denervated periods 
AAdth inequalities of heating in deneiwated and normal limbs. It appears more 
probable that the altered chemical and physical states in denervated muscles 
caused them to react different!}’’ to the thermogenic properties of diathermy. 
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SUMMARY 

1. Studies were carried out on dogs concerning the effects of denervation upon 
blood flow, temperature characteristics and contraction and relaxation times of 
the gastrocnemius muscle. The observations were made at various times after 
denervation and the unoperated contralateral limb served as a control. 

2. Denervation was followed by an immediate increase in blood flow through 
the femoral arteiy, the flow returning to normal after several days of denervation. 
More extended periods of denervation resulted in subnormal blood flow values 
which appeared to parallel the extent of muscle atrophy. 

3. Denervated muscles exhibited a subnormal temperature and responded to 
diathermy vdth temperature increases greater than those observed in normal 
muscle. 

4. The twitch response of denervated muscle to induction .shocks was slower 
than that of control muscle. This was due only in jiart to its subnormal tem- 
perature. 

The subnormal temperature, increased susceptibility to diatherm.v and the 
sluggish response of muscle at various times after denervation did not appear 
to be related to changes in blood flow. 
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The present concept of the carotid sinus mechanism has changed but little 
since the early work of Hering (1) and He 3 Tnans (2, 3). It is generally agreed that 
the vagus plays the major role in cardiac restraint arising from the carotid sinus 
pressoreceptors and that the sympathetic accelerators are involved to a lesser but 
definite degree. On the other hand, the depressor response to carotid sinus stim- 
ulation is largel 3 '^ effected through the activity of the sympathetic system. 

The elusive question which remains, however, is how the vagi and sympathetics 
interact in time sequence in reflex control of the cardiac rate by the carotid sinus. 
Indeed, the exact mechanism bj’’ which the vagus is controlled in the reflex re- 
sponse of the heart is not clear. 

Despite the fact that in vagotomized animals the vasomotor effect is still elicit- 
able, the manner and extent of vagal involvement in this response is vague. It 
was with the clarification of these problems in mind that the present work was un- 
dertaken. 

Methods. Forty experiments were carried out on health}'- mongrel dogs rang- 
ing in weight from 5 to 13 kgm. They were anesthetized with nembutal (35 mgm. 
per kgm.) given intraperitoneally. The carotid sinus was stimulated by a sudden 
increase of pressure within the sinus, maintained for a period of 46 seconds. 

The common carotid arteries were exposed at the level of the cricoid cartilage. 
The internal carotid, occipital, external carotid, and lingual branches, and any 
small aberrant arteries were ligated (4). Tlrrough a cannula inserted into the 
common carotid artery, a concentrated solution of hemostatic globulin® was in- 
jected into the isolated sinus to produce embolization of the fine vessels. After 
a few minutes, the large clot in the cannula was washed out, and the cannula was 
connected to a pressure bottle filled with physiological saline. 

A sudden increase of the intrasinual pressure was obtained by unclamping the 
connecting tube from the pressure bottle, which could be previously pumped to 
any given level up to 250 mm. Hg. These changes in the intrasinual pressure 
were recorded by a critically damped bellows manometer in parallel circuit with 
the sinus pressure tubing. 

The cardiovascular response to carotid sinus distention was recorded from the 
femoral artery with a mercury manometer. The heart rate as registered on the 
k}Tnograph was verified frequently by counting of the heart beat. 

* This work was aided by a grant from the Josiah Macy, Jr. Foundation. 

- A preliminary report of this work appeared in Fed. Proc. 6: 222, 1947. 

^ Hemostatic globulin was kindly supplied bj"^ the Lederle Laboratories, Inc. 
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Experiments performed on tlie comijlctelj’" sjmipathectomizcd dogs were carried 
out approximately 6 to 8 weeks after surgical removal of the sjonpatheiic ehains 
(5). The procedure used for excising the aortic depressor nerves was that de- 
scribed by Koch (6). The nerve is indentified as a small branch of the vap- 
sjunpathetic trunk, which can be separated for about 1 to 2 cm. before it joins with 
the superior larjmgeal nerve in the region of the carotid bifurcation. On several 
occasions in our experience, such a branch was not. indcntifiable. Under such cir- 
cumstances, the motor part of the vagus was identified b}" electrical stimulation 
and all other fibers were cut. The latter procedure was termed “vagal dealTer- 
entation”. 

Results. To obtain a marked vagal bradycardia, it is essential to raise the 
intrasinual pressure very suddenly. By increasing the prc.ssurc in a step-wise 
manner, the vagal bradycardia is not clearly evident. This is interesting, es- 
pecially since the extent of the depressor re.sponsc is not appreciably altered with 
different rates of pressure change. The optimal intrasinual pre.ssure rise for a 
maximal response in the heart and vascular system is 200 to 220 mm. Hg; no 
further reduction in heart rate or blood pressure is obtained when the pressure is 
increased beyond this range. In all experiments performed in the present series, 
intrasinual pressures of the order of 240 mm. Hg wore used to insure maximal 
stimulation. 

1. Vagal and sympathclic bradycardia. Like all ph 3 ^siological phenomena, the 
carotid sinus cardiovascular response is of variable degree from animal to animal. 
The 4 characteristic tj^pes of response, presented in figure 1, were selected accord- 
ing to the duration and magnitude of the vagal component observed during the 
45 seconds of sustained sinus distention. In 19 experiments in which both sinuses 
were stimulated, approximate^ 10 per cent showed type I response, 35 per cent 
tj^pe II, 15 per cent type III, and 40 per cent type IV. 

With the elimination of the vagus, slowing of the heart on sinus distention is 
greatlj'- reduced (table 1). The onset of bradj'cardia is no longer immediatclj’- 
apparent. However, the sjunpathetic component plaj’^s an increasinglj’- greater 
role and accounts for most, if not all, of the cardiac slowing in the third 15 second 
period of sinus stimulation. The maximum S 3 Tnpathetic slowing, about 20 per 
cent of the control heart rate, compares favorabl 3 '’ with the ref3ults of Winder (7), 
with the exception that in the present series this value remams unchanged during 
artificial resphation. 

2. Vagal bradycardia in funclionally sxjmpalheclomized animals. The question 
as to whether the marked vagal slowing following sinus distention is dependent 
upon the concomitant change in the S3'mpathetic activity has not been satisfacto- 
rily answered. Our e.xperiraents were performed on tlwee types of animals with 
the s 3 Tnpathetic nervous functions excluded : a, chronic S 3 Tnpathectom 3 ’- (fig. 2) ; 
b, acute low cervical cord transection (fig. 3), and c, under the influence of a S 3 ^m- 
pathicolytic drug, dihydroergotamine (D. H. E. 45)^ (fig. 4). The procedures 
emplo 3 ^ed in excluding the S3Tnpathetic function by cord transection and by in- 
jection of a sympathicol 3 dic drug, though they involve more than simple elimina- 

' Dihydroergotamine, D. H. E. 45, was kindly supplied by Sandoz Chemical Works, Inc. 
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Fig. 1. Four characteristic normal cardiovascular responses to simultaneous bilateral 
carotid sinus distention. Blood pressure level is indicated on the left. Intrasinual pres- 
sures are marked on the descending limb in each record. Time in 15 seconds. Type I — 
very marked, prolonged bradycardia; tj'pe II — transient marked bradycardia; type III — 
momentary vagal block followed by moderate bradycardia; type IV — moderate bradycardia. 


TABLE 1 

Comranscn of the cardiac slowing following carotid simis distention in normal 

and vagotomized dogs 



FIRST 15 SECONDS 

THIRD 15 SECONDS 

Combined (type I) 

-67% 

-43% 

Sympathetic (after vagotomy) 

-0% 

-23% 

Vagal 

-58% 

-20% 

Combined (type II) 

-48% 

-20% 

Sympathetic (after vagotomy) 

-7% 

-19% 

Vagal 

-41% 

-1% 

Combined (type III) 

-42% 

-12% 

Sympathetic (after vagotomy) 

-13% 

-13% 

Vagal 

-2D% 

1% 

Combined (type IV) 

-21% 

-11% 

Sympathetic (after vagotomy) 

! -5% 

-13% 

Vagal 

1 -16% 

2% 


tion of the sj'mpathetic nervous structures, have the advantage that control re- 
sponses can be obtained immediately before these procedures are carried out. The 




Fig. 2. Four varieties of vagal tjradycardia on bilateral sinus distention in oliroinc sym- 
patliectomized dogs. Compare with the vagal component of the responses in figure 1. 


No,„«u , A«« 



Fig. 3. Comparison of the responses to bilateral sinus distention before and after spinal 
transection at Ca. The sino-vagal bradycardia after cord section is larger and more pro- 
longed than before. 

nation of the late .sj^pathctic slowing of the heart, the vagal effect persisted in 
most cases during the third 15 second period of the sustained sinus distention 
(table 2) 

^ The cardiac slowing in functionally sympathectomized animals is purely vagal, since 
following vagotomy stimulation of the sinus produces no change of lieart rate despite in- 
hibition of the respiration (fig. 5). 
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3; Vagal deafferentation and the sino-vagal bradycardia. It has been shown that 
vagal bradycardia disappears rapidly in spite of continued sinus distention (fig. 1 
and table 1) . After surgical exclusion of the vagal afferents sinus stimulation pro- 
duces a marked effect not only in potentiating but also in prolonging the vagal 
cardiac sloAving (fig. 4). In a dog in Avhich the aortic depressor nerves were ex- 
cluded three weeks previously, the heart shoAved an escape phenomenon strikingly 

TABLE 2 


Vagal cardiac slowing following carotid sinus distention in functionally 
sympathectomized dogs 



riRST IS SECONDS 

THIRD 15 SECONDS 

In SA'mpathectomized dogs 

(1) 

-40% 

-24% 


(2) 

-35% 

-14% 


(3) 

-23% 

0% 


(4) 

-27% ■ 

-4% 

In high spinal dogs 

(1) 

-41% 

-15% 


(2) 

-36% 

-18% 

In dogs with D.H.E. 45 

(1) 

-38% 

-16% 


(2) 

-25% 

-13% 


(3) 

1 -24% 

-16% 


' ' • A 

• ' • V 

I" 1% 

1 I % 

’'VVvv‘wa.’\-''.vA' 


Fig. 4. Effect of D. H. E. 45 (dihydroergotamine) and vagal deafferentation on the sino- 
vagal bradycardia. Left; control cardiovascular response to bilateral sinus distention. 
Center,: after intravenous injection of D. H. E. 45 (0.5 mgm. per kgm.). Note the intensified 
and prolonged bradycardia. Right: after bilateral vagal deafferentation. The bradycardia 
is further intensified. 

similar to that occurring after stimulation of the peripheral vagal trunk (fig. 6). 
This serves to emphasize the fact that despite elimination of the important correct- 
ing influence of the aortic depressor nerve on the heart rate, some Amgal adaptation 
still occurs. 

4. Bilateral vagotomy and the sinvs depressor response. The depressor response 
to sinus distention is sometimes enhanced and at other times lessened when the 
vagal tiTink is cut bilateral^. HoweADr, if the motor component of the Arngus is 
alone excluded, either b}^ surgery or by atropinization (fig. 7), not onty is a smaller 
depressor response obtained but its onset is also more gradual. On additional 
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exclusion of the vagal alTerents, the depressor response to sinus distention becomes 
definitelj^ intensified (fig. 7). 

Discussion. In experiments on carotid .sinus refiexes chloralose has come to be 
the prefeiTcd anesthesia, because both pre.ssurc and chemical reflexes appear to be 
more active with this than with other narcot ics (3). Howei'cr, Wang and Nims 
(8) have recently found that in cats the i-ospiratory i-csponso to CO.^ is depressed 
as greatly by chloralose as by nembutal. It is our expericiu^e in the study of the 
carotid sinus cardiovascular reflex that- nembut.al is a satisfactory anesthetic. On 



Fig. 5. Complete absence of caTcliovasevilar response on bilateral sinus distention after 
vagotomy in a sympathcctomized dog. Note the inhibition of respiratory variations in 
record on right. 
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Fig. 6. Comparison of vagal adaptation on bilateral sinus distention with “vagal escape” 
(record on right), in an animal with chronic, aortic depressor nerve section. 

bilateral sinus distention in a normal nembutalized dog, we have obtained a maxi- 
mum reduction of heart rate as much as 67 per cent of the control rate and on 
several occasions a reduction of blood pressure as much as 150 mm. Hg. Nembu- 
tal has, besides, the further advantage of giving a steady anesthesia which is essen- 
tial in obtaining consistent responses to repeated stimulation of the sinus udth 
with identical pressures. 

Many workers have chosen to perfuse the sinus with oxygenated blood. How- 
ever, we have found that the sinus pressoreceptors are very resistant to anoxia, 
since with physiological saline as the perfusion fluid, our carotid sinus preparations 
have given marked and reproducible responses for a period of at least 3 hours. It 
IS therefore considered unnecessary to use a more complicated technic. 
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The importance of an adequate stimulus as regards both its temporal and spatial 
values should be stressed. The sharp A^agal response seen immediate!}'- follovang 
distention is rare, except when the stimulus is of an intense and sudden nature, 
and applied simultaneously to both sinuses. It is this type of stimulus that has 
enabled us to analyze the carotid sinus reflex for both vagal and sympathetic 
components. 

Time relationships of vagal and sympathetic bradycardia. Hering (1) observed 
that the cardiac reflex is of more sudden onset than the vasomotor reflex and that 
it is much more poorly maintained. Our experiments confirm this observation. 
It can be further stated of the heart reflex (table 1) that a, the combined effect of 
vagal and s}mipathetic components is always greatest during the early moments 
of the stimulation period; h, the vagus accounts for mo.stofthe slowing immediately 
following stimulation; and c, the onset of decreased S}Tnpathetic activity is slow 
but accounts for most of the cardiac slowing as stimulation persists. Our find- 
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Fig. 7. Effect of successive exclusion of the motor and afferent vagal influences on the 
depressor response to bilateral sinus distention. Artificial respiration. Left: control re- 
sponse to bilateral sinus distention. Center : after intravenous injection of 3.0 mgm. of atro- 
pine to exclude the parasympathetic efferents. Note the slower onset and diminished 
depressor response. Right; after bilateral vagotomy. Additional elimination of the vagal 
afferents (aortic depressor nerve) enhances the sinus depressor response and causes the 
vasomotor adaptation to disappear. 


ings substantiate further the evidence for the reciprocal activity of the vagus and 
S}'mpathetic cardiac accelerators (9) in response to changing sinus pressure, sym- 
pathetic function becoming dominant as the vagal influence wanes . 

Dependence of vagal slowing on the simis sympathetic depressor response. To 
what extent is vagal slowing dependent upon its association with the s}Tnpathetic 
depressor effect to which it is so closely bound in the usual response to stimula- 
tion of the carotid sinus pressoreceptoi-s? This question has not yet been 
answered satisfactorily since thei’e is no clear cut experiment described in the 
literature which completely separates the reflex vagal and sympathetic con- 
nections. That the blood flow through the brain is not invob'-ed has been shown 
by Heymans (3) who demonstrated by crossed circulation experiments that vari- 
ation of the cerebral blood flow is not a factor in producing the reflex vagal effect. 
We found that the vagal cardiac response immediately following bilateral sinus 
distention, in all types of functionally S}nnpathectomized animals used, was as 
marked as that elicited in the intact animal. It is clear then that the initiation 
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of the sino-vagal bradycardia is quite independent of changes in the sympathetic 
activity. Furthermore, our data indicate that in functionally sympathectomized 
animals vagal slowing is much prolonged (table 2). This is in contrast to the 
more transient nature of vagal bradycardia obtained on sust ained sinus stimula- 
tion in the majority of the experiments on dogs with int act symjiat.het ics (t alkie 1 ) . 
This observation is interesting in view of the following discussion on the impor- 
tance of the aortic depressor impulses in the sinus vagal adaptation. 

mechanism of adaptation of the sino-vagol bradycardia. The poorly maintained 
sino-vagal bradycardia has been proviou.sly reported by Hering (1) and also by 
Schneyer (10). Their observations were confirmed in the experiments in wiiich 
we found that vagal bradycardia rarely jicrsislcd licyond the lirst 15 seconds of 
sustained sinus distention. The rapid disappearance of the vagal cardiac reflex 
is generally termed adaptation. It may be due oil her t o one, or to a combina- 
tion of two or more of the 4 mechanisms; o, a property of the sinus pressore- 
ceptors; 5, the aortic depressor nerve buffer mechanism; c, some process of adap- 
tation of the centers in the brain .stem; and d, the nature of the clTector organ, 
the heart. 

Bronk and Stella (11) observed that the pressoreceptors in the carotid sinus 
are of the type that^ shows little adaptation. Further, if it were assumed that 
the transient nature of the vagal response could be accounted for by the small 
amount of adaptation in the pres.sorcccptors alone, it would follow that the .sym- 
pathetic inhibitory effect on the blood pressure should also exhibit an ctiually 
marked adaptation, which ordinarily is not .seen. Indeed, in contra.st to the difh- 
culty in obtaining a clear cut vagal bradj’cardia, the sjnnpathetic depressor re- 
sponse is of the same magnitude whether the pressure within the sinus is raised 
suddenly or slowly. However, it is possible that the slight, adaptation of the 
receptor organs may play a role in the rapid disappearance of the vagal brady- 
cardia. 

The idea that the aortic arch buffer mechanism is responsible for vagal adapta- 
tion has received wide attention (6, 10). In animals with sympathetics function- 
ally excluded, there appears to be a prolonged vagal clTect, following sinus stimu- 
lation (table 2), This finding may be explained by the fact that following 
functional sympathectomy the sjnnpathetic depressor response to sinus st iinula- 
tion is absent (see fig. 2), thereby eliminating in large part the stimulus to the re- 
ceptors of the aortic depressor nerve. This sino-vagal bradycardia is further 
intensified if in addition the vagal afferents are sectioned. But the fact remains 
that in all instances after deafferentation of the vagus, sinus vagal slowing still 
shows a considerable degree of adaptation. This suggests that the process of 
adaptation may in part be central. In support of this, Bronk et al. (12) observed 
a return of sympathetic discharge during continued stimulation of sinus presso- 
receptors. They believe that this is partly a central phenomenon, since va- 
gotomy (exclusion of depressor fibers) does not prevent the return of sympathetic 
discharge, but only prolongs the inhibition. However, as far as the sinus vagal 
reflex is concerned, it is important to note that the heart itself may escape the 
vagal restraining influence and show normal or ectopic rhythms. Figure 6 
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shoAA'S a close resemblance betAA^een the bradycardia resulting from direct vagal 
stimulation and that obtained b}’’ distention of the sinuses in a dog in AA’hich the 
aortic depressor nerves v'ere excluded previously. Further substantiation of the 
fact that the effector organ may pla 3 ’- a role in adaptation of the vagal reflex is 
made by seA^eral experiments in AA^hich the type III response (fig. 1) Avas obtained; 
exclusion of the vagal afferents did not prolong the bradycardia on sinus stimula- 
tion. In one of these animals, stimulation of the peripheral vagus gaA^e no strong 
Amgal block, thus indicating that the failure in maintaining the sinus cardiac re- 
flex ma 5 " be related to the familiar yet unexplained phenomenon of “vagal es- 
cape”. 

Eff'ecf of vagoto77iy on the sinus depressor i-espojise. It has long been known that 
the depressor response in the carotid sinus reflex is effected through an inhibition 
of the sjmipathetic S 3 '’stem. The effect of Amgal impulses upon this depressor 
response is not clear. Indeed, the influence of bilateral Amgotomy on the carotid 
sinus depressor response is a A'-aried one, apparentlj’^ due to the fact that in va- 
gotomj'' both the motor and afferent components are seA'^ered. E.xclusion of the 
paras3Tnpathetic Amgal component alone results, on sinus stimulation, in a de- 
pressor response that is of gradual onset and not as marked as in the normal. 
The difference can be explained b 3 ’- the absence of marked cardiac slowing Avhich 
contributes also to the fall of the blood pressure. On the other hand, the effect 
of A’^agal deafferentation is to intensif 3 ’- the sinus depressor reflex. In addition, it 
decreases but does not eliminate, in most cases, the small adaptation of the de- 
pressor response Avhich occurs after 30 seconds of continued sinus stimulation. 
Thus, the end result after complete Amgotom 3 ’’ depends on the balance AA^hich 
exists betAA’een these tAA'o Amgal components, the afferent and efferent. 

SUJIMARA' AND CONCLUSIONS 

Experiments AA^ere carried out on dogs anesthetized Avith nembutal, in AAdiich 
the carotid sinus aa'rs Amscularb^ isolated and stimulated AAuth a sudden increase 
of pressure. 

Vagal actiAdt3'^ as shoAAm b3^ cardiac sloAAung is most marked immediate^ folloAA’- 
ing sinus distention; the brad3’^cardia due to S3''mpathetic inhibition, on the other 
hand, appears sloAvly and becomes the major restraining influence as the vagal 
effect diminishes. Our experiments demonstrate clearly that the A^agal and sym- 
pathetic tonic actiAuties respond to changing sinus pressure in a reciprocal manner 
but that the dominance of each of these influences on the effector makes its ap- 
pearance in a different phase of time sequence. We haA'^e demonstrated also 
that the Amgal cardiac sloAA’ing is a discrete response and that it is not dependent 
on the S3Tnpathetic depression AA’hich normall3'' invariabb^ occurs in the sinus 
cardioAmscular reflex. 

Evidence has been presented to sIioaa- that the rapid disappearance of the sino- 
A^agal brad 3 "cardia is due not onl3^ to the buffering effect of the aortic depressor 
nei’A'^es but also to a propert3’^ of the effector organ, the phenomenon of “Amgal 
escape”. 

It has been sIioami that there exists a balance, in the sinus depressor reflex, be- 
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cween tlic afferent and efferent vagal influences; elimination of the former en- 
hances the response, whereas exclusion of the latter lessens it. 

The authors wish to thank Dr. Walter S. Root for invaluable criticism of the 
manusci-ipt. 
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In the past few ^’'ears, investigators of the carotid sinus cardiovascular mecha- 
nism have produced much evidence in favor of the synergistic relationship be- 
tween the sympathetic and parasjmipathetic nervous sj^stems (1). A study of 
the respective roles and the relative importance of these systems with reference 
to the carotid sinus reflexes has been reported recently from this laborator}'’ (2). 
One aspect of the problem which is in need of clarification is the question of decus- 
sation of the carotid sinus reflex pathwaj^s. Although the crossing of the vagal 
component has been the object of stud 3 ’’ b}’- man}'- workers, the results are still 
controversial. On the other hand, decussation of the pathways of the sinus va- 
somotor reflex has been clearlj' demonstrated, but the level of decussation has not 
been indicated. The present studj’' was undertaken to investigate the decus- 
sation of these central pathways and their relation to the principle of convergence. 

Methods. In dogs anesthetized with nembutal the carotid sinus was ex- 
posed and stimulated according to the technic described in a previous paper (2). 
In brief, the sinus was isolated as a cul-de-sac and perfused with phj’-siological 
saline. The stimulus was a sudden distention accomplished by raising the per- 
perfusion pressure within the sinus from 0 to approximately 240 mm. Hg; this 
was reoorded by a criticallj^ damped bellows manometer. The reflex cardiovas- 
cular response was recorded from the femoral artery with a mercurj'’ manometer. 

For sympathectomies, the technic of Cannon et al. (3) was used. 

Results. Distention of the right carotid sinus usually produced more slowing 
of the heart and a greater fall in blood pressure than an equivalent distention of 
the left sinus (tables 1 and 2). In the first 15 seconds of simultaneous bilateral 
sinus stimulation the bradycardia was invariablj^ greater than the sum of the re- 
ductions in heart rate obtained on separate stimulation of right and left sinuses 
(table 1). On the other hand, the maximal vasomotor response to simultaneous 
distention of both sinuses was, as a rule, less than the sum of the responses ob- 
tained from stimulation of both sinuses separately (table 2). Indeed, in several 
experiments stimulation of both sinuses produced only a slightlj'- greater de- 
pressor response than that of the right or the left sinus alone. It is true, however, 
that when both sinuses were stimulated at the same time, the depressor response 
was usually more sustained. 

The question of crossing in the vagal cardiac reflex pathways has been studied 
upon chronicallj’’ sjunpathectomized dogs, for in these animals the complication 

' This work was aided by a grant from the Josiah Macy, Jr. Foundation. 
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of sjTnpathetic involvement is eliminated. The results of a typical experiment 
are indicated in figure 1. The records show that after right vagotomy, stimula- 
tion of the right sinus produced a slight brad 3 ’-cardia ; this showing disappeared 
followmg left vagotomj’-even though both sinuses were simultaneouslj’- distended. 
In the same animal after right A^agotomj’-, a much greater slowing of the heart 
occurred when both sinuses were stimulated simultaneousl.y than when thej’- 
were stimulated separatelj’’ (fig. 2). 

That the sinus vasomotor reflex pathwaj-s cross was demonstrated on dogs in 
wliich the sjunpathetic chains on one side had been previousl}' removed. ^^Hiile 
the vasomotor depression was not vciy marked in these preparations, an equallj’’ 

T.VHLE 1 


licduclion of the heart rate durititj the firot 15 second period of sustained distention of the 
right sinus, the left sinus, and both sinuses 



CHAXC.r. or hhast rate ix heats per 15 secoxds 

Riglit sinus 

left sinus 

Both sinuses 

(1) 

-15 

-n 

-2G 

(2) 

-15 

-4 

-25 

(3) 

-17 

-10 

-29 

(4) 

-13 

_2 

-19 

(5) 

-10 

-C 

-17 


T.VBLE 2 

Maximal fall of the rncan blood pressure in response to sustained distention of the right 

sinus, the left sinus, and both sinxiscs 



UAXmAl, DROP IN BLOOD PRESSURE IN MU. 

Right sinus 

Left sinus 

Both sinuses 

(1) 

-SO 

-70 

-130 

(2) 

-95 

-90 

-120 

(3) 

-SO 

-60 

-110 

(4) 

-80 

-SO 

-120 

(5) 

— 75 

-55 

-90 


good response was obtained from either sinus (fig. 3). Decerebration did not 
alter the reflex vasomotor response in any appreciable manner (fig. 4). After 
acute hemisection of the spinal cord at Co, distention of the sinus on the side of 
the cord lesion was much less effective in producing a fall in blood pressure than 
was distention of the sinus of the other side. The results of such an experiment 
are illustrated in figure 3, in which it is seen in a right hemisjnmpathectomized 
dog that whereas both sinuses were equally effective in producing a depressor 
response before cord section, only a very small response was elicited from the 
right sinus after right cord hemisection at the level of Ca. 

Discussion. One controversial question concerned with the carotid sinus 
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cardiac reflex is Avhether the A^agal componeht of the bradycardia following sinus 
distention is mediated through one vagus or through both vagi. Hering (4) was 
of the opinion that the sinus A^agal reflex is largely ipsilateral, whereas Izquierdo 
(5) claimed that the vagal efferents on both sides are equally activated on stim- 
ulation of either of the carotid sinuses. On the other hand, Heymans et al. (1) 
maintained that the sinus vagal response is obtained strictly through the vagus 
on the same side. One source of confusion, as Heymans has previously pointed 
out, is that it is difficult in the intact animal to exclude AAffiat may appear to be 
a contralateral vagal effect since slight sloAving of the heart is also effected 
through sympathetic inhibition. Tournade and Malmejac (6) have attempted 


L', 


-A 


Vmotohv 














Fig. 1. Crossed sino-vagal bradycardia in a chronically sj'mpathectomized dog. Left: 
right sinus distended, vagi intact. Center: right sinus distended after right vagotomy. 
Note the slight bradycardia. Right: both sinuses distended after both vagi sectioned. 
Note the lack of bradycardia despite continued inhibition of respiratory variations during 
stimulation. 


Ri*ht — - — r 



Fig. 2. Comparison of the vagal bradycardia obtained on separate distension of the right 
and left sinuses, and that obtained on simultaneous distention of both sinuses in a synipa- 
thectomized, unilaterally vagotomized dog. 

to eliminate this Complication by using animals in Avhich the stellate ganglia had 
been removed. Such preparations, however, are not adequate, since the heart 
is known to receive sjrmpathetic fibers from other upper thoracic ganglia; and 
further, the heart may be influenced secondanlj*^ by the effects of sjonpathetic 
inhibition on other parts of the Avascular s^'^stem. In our complete^ s^onpathec- 
tomized dogs in which one A'^agus Avas sectioned, distention of the carotid sinus on 
the A’^agotomized side still produced a small, but definite, brad5’'cardia. This 
bradj^cardia can not be accounted for b3’' other effects of sinus stimulation, since 
after exclusion of the opposite A^agus, there Avas no longer anj' change of heart 
rate despite continued inhibition of respiration (fig. 1). If no decussation of 
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Fig. 3. Effool of hemiseclion of tlic spinal cord at C; on the sinus depressor response in 
aheraisympathcclomized dog. Atropine, 3 ingm. I. V. Upper: control dci)ressor responses 
on right and loft sinus distention. Lower: responses obtained after heinisection of the spinal 
cord on the left side. Note the markedly decreased resj)nnse on distention of the loft sinus 
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Fig. 4. Effect of midbrain decerebration on the sinus depressor response in two dogs with 
left hemisympathectomy . Note that the sinus depressor response remains largely un- 
affected. 
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pathways occurred, the sympathectomized, unilaterally vagotomized dog would 
show the same cardiac slowing whether the sinus opposite to the side of vagotomy 
were distended alone, or both sinuses distended simultaneously. The fact that 
there is a greater slowing when both sinuses are stimulated together indicates 
clearly that there is a definite crossed vagal component. However, it should be 
pointed out that it is not possible to determine from this type of experiment 
whether the crossing occurs in the afferent or in the efferent hmb of the reflex arc. 

In contrast to the controversial opinion as regards the sinus vagal reflex path- 
wa 3 ^s, there has not been any question as to the bilateral nature of the sympa- 
thetic response to distention of a single sinus. By vacuum tube recording of 
impulses in one of the small sympathetic accelerator nerves in the cat, Bronk 
et al. (7) have demonstrated that distention of either sinus produces inhibition of 
the s 5 Tnpathetic impulses to the heart. The fact that in our experiments dis- 
tention of a single sinus produces almost as marked a faU in blood pressure as dis- 
tention of both sinuses suggests an extensive synaptic overlapping of the central 
pathwaj'-s of the sinus depressor reflex arc. This is proved with certainty by 
experiments on hemisympathectomized dogs in which stimulation of either sinus 
produces a depressor response. The problem that remains is to determine the 
level of decussation of the sinus vasomotor pathwaj’^s within the central nervous 
system. 

It has long been known that the carotid sinus reflex is mediated at the mye- 
lencephalic level. However, there is no evidence to indicate that in the intact 
animal, the diencephalon does not influence the sinus depressor response. For 
our purpose of studying decussation, therefore, it is essential first to exclude the 
rostral structures as one of the sources of decussation, since there is considerable 
evidence to show that the descending pathways from the hypothalamus cross at 
the diencephalic level (8, 9). The ewdence that in a hemisiTOpathectomized 
dog the sinus depressor response is not appreciablj^ modified following midbrain 
decerebration indicates at least that sjunpathetic decussation rostral to the me- 
dulla oblongata is not essential for the crossed vasomotor response (fig. 4). 
The fact that in a hemisympathectomized dog, hemisection of the spinal cord at 
C 2 markedl}’- affects the depressor response of the sinus on the same side as the 
cord hemisection (fig. 3) suggests further that the major part of the decussation 
occurs at a level below C 2 . This is in confoimity with the earlier findings of one 
of us (9) that sjunpathetic decussation, as demonstrated by direct stimulation of 
the mj'^elencephalon, occurs in the spinal coi’d. The question as to how much 
decussation occurs in the medulla can not be positively answered, since there yet 
remains some response to sinus stimulation on the side of cord hemisection. 

In the course of our study on the problem of decussation, we have noted a very 
interesting phenomenon, heretofore not described for the central autonomic ner- 
vous system.- It is perhaps identical with that which Sherrington (10) has 
demonstrated in his studies of the reflex activities of the spinal cord. The over- 
lapping synaptic innervation of one neurone by a number of fibers is knovm as 
the principle of convergence. The consequent manifestation of this convergence 
is either facilitation or occlusion. It has been observed in the present work that 
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the bradj’-cardia following bilateral sinus distention is iuvariablj^ greater than the 
sum of the reductions m heart rate obtamcd from the two sinuses distended sepa- 
rately (table 1). It is difficult to assume, nevertheless, that the jihcnomenon of 
facilitation definitely occurs in view of the complication of the crossed sino-vagal 
response and of the bradycardia resulting from sympathetic inhibition. In 
several of our sjunpathectomized, unilateral!}" vagotomized dogs, reduction of 
heart rate durmg the early period of bilateral sinus distention grcatl}" exceeded 
the simple sum of the reductions of the heart i-ates obtained by separate stimula- 
ion. This is illustrated in figure 2, in a s3Tnpathectoniizcd dog after right va- 
gotomy; the reduction of heart rate in the first 15 seconds of right sinus disten- 
tion is 2 beats, that of the left sinus is 3 beats, whereas that of both sinuses dis- 
tended simultaneous!}" is S beats. Since in this experiment only one vagus is 
intact, the process of facilitation probably occurs in the myelenccphalon. It 
appears from the above that while only a small cardiac response can be obtained 
by stimulation of the sinus on the vagotomized side, the aflercnt impulses from 
this sinus set up a considerable “zone of discharge” in a “subliminal fringe” in 
the contralateral medulla, thereby causing on simultaneous stimulation of the 
remaining sinus, a greater summated response than can be obtained by simply 
adding the separate responses from each of the sinuses. It may be assumed that 
this phenomenon is similar to the facilitation that is seen in the spinal refle.xes. 

The sinus depressor reflexes obtained in our experiments demonstrate the oc- 
clusion phenomenon. The fall in blood pressure which occurs on bilateral sinus 
distention is veiy much less than the sum of the individual vasomotor responses 
(table 2). Except for the fact that vasomotor depression involves an inhibitory 
process, the experimental information cited closely parallels the classical repre- 
sentation of the occlusion phenomenon in the spinal refle.xes. iUthough Eccles 
(11) has shovm that occlusion may occur also in a peripheral sympathetic gan- 
ghon, this convergence phenomenon as demonstrated in the present experiments 
can only occur in the central nen^ous system since it is effected through the 
mechanism of active inhibition. 

SUAMARY AND CONCLUSIONS 

It has been shovm that in the vagal cardiac response to carotid sinus distention 
there is a small crossed component. This was demonstrated in completely S}"m- 
pathectomized dogs in which the complication of bradycardia due to sympathetic 
inhibition was eliminated. 

The sinus vasomotor response, on the other hand, has a large crossed compo- 
nent. This decussation occurs mainly in the spinal cord. 

The principle of convergence has been demonstrated: facilitation in the case of 
the sinus vagal reflex and occlusion in the case of the sinus vasomotor reflex. 
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Rose, StuckejL Mendel, and Cowgill have reported a marked increase in the 
hemoglobin value of the dog’s blood during water privation. They comment, 
“ . . . the results of the present study fail to support the contention that the 
organism possesses a great factor of safety vdth respect to fluid balance when it is 
deprived of water” (5, p. 138). Flemister has observed only a slight reduction in 
the plasma volume of the rabbit following dehydration effected by the intra- 
peritoneal administration of hj^iertonic solutions. He has remarked, “Plasma 
water volume was strikingly protected by the interstitial portion of available 
water under conditions of moderate and advanced dehydration and hydration” 
(2, p. 437). 

In the experiment here reported an evaluation was made of the volume change 
in plasma water attending rather severe water privation in the rat. A test of 
plasma specific gravity was employed as an index of this change. 

Method. The experiment used 20 male albino rats of the Sherman strain. 
Ages ranged from 118-140 days. The animals were maintained on an ad libitum 
teamen of Purina Laboratory Checkers. The laboratory room housing the 
animals was kept at a temperature of 70° to 75° Fahrenheit. Relative humidity 
fluctuated irregularly between 41 per cent and 54 per cent. In the determination 
of specific gravities, an Eimer and Amend falling drop apparatus was employed. 

To reduce emotional resistance, all animals were handled daily for several 
weeks prior tq the experiment. Twelve rats were designated as an experimental 
group and were deprived of water for 48 hours. Ad lib, feeding was permitted 
this group during the privation interval. No measurements of food intake were 
made. Strominger (7) has shown that the food intake of the rat is greatly reduced 
in the absence of water. Gross observations indicated that our animals con- 
sumed very little food during the water privation interval. Immediately prior to 
privation, weights ranged from 195 grams to 274 grams with a mean value of 240 
grams. Diuring privatioii- a 12 per cent weight loss was suffered. The mean 
weight dropped to 212 grams. 

Eight other rats served as a control group. During the 48 hr. interval they 
were maintained on an ad lib. feeding and drinldng schedule. The mean weight 
of this group rose from 259 grams to 262 grams. 

’ research was supported in full by. a grant from the Research Committee of the 
Uni'rersity of Alabama. The authors also wish to acknowledge the technical assistance of 
Dr. Dorothy A. Ehmke and the facilities of the Research Laboratory of Human Nutrition of 
the School of Home Economics, University, Alabama. 
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Following the privation interval, a blood sample was obtained • from each 
animal by way of heart puncture. Four hours before taking the blood sample, 
each animal was heparinized.^ An injection of approximately 450 units dissolved 
in I cc. of isotonic saline Avas given intraperitoneaUy. 

Surgical anesthesia was effected vdth nembutal. Fifteen milligrams in i cc. of 
physiological salt solution was administered intraperitoneaUy and 15 minutes’ 
action was permitted. T\dth the disappearance of defence reflexes, an incision 
was made in the thoracic region, the ribs and diaphragm sectioned on the left 
side and the heart exposed.® Blood was withdravm into a 10 ml. syringe through 
a f inch 20 gauge needle. The sample was discharged slou4y into a Wintrobe 
tube which had been previously chilled and evaporated to dryness. Some 
hemolysis occurred during this operation. 

TABLE 1 


The effect of water 'privation on plasma specific gravity 


WATER-DEPRIVED ANHIALS 

CONTROL ANUIALS 

Rat no. 

Specific gravity 

Rat no. 

Specific gravity 

1 


1 


2 


2 


3 


3 


4 


4 


5 


5 


6 


6 


7 


7 


8 


8 


9 




10 




11 




12 

1.0327 




1.0308 

Mean 

1.0262 

S.D 

0.001276 

S.D 

0.001101 






Each tube was stoppered tightly and kept at approximately 5°C. until cen- 
trifugation. Precautions were taken to cleanse thoroughly the S 3 n’inge and 
needle before each heart puncture. A final rinse of distilled water containing a 
small quantity of heparin (appro.ximatelj’’ 1575 units per liter) Avas used. All 
samples were centrifuged for 4 hour at 5000 r.p.m. The supernatant fluid AA'^as 
removed Avith a pipette to a plean, dry test tube and the specific gravity de- 
termined utilizing the falling drop method described by Barbour and 
Hamilton (1). 

- The preparation of the Connaught Laboratories AA'as used (assay, 110 units per mgtn.). 

^ This technique sacrifices the rat in the interest of obtaining a large blood sample. A 
large volume of blood is unnecessary for specific gravity determinations. These samples 
were employed for other purposes as Avell. 
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Results. The specific gravity of each plasma sample is presented in table 1. 
IMeans and standard de^dations are also given. 

Discussion. From table 1, the mean specific gravity for the water-deprived 
animals is 1.0308. The mean value for the control animals is 1.0262. A con- 
sideration of the two distributions reveals no overlap, i.e., the lowest specific 
grawty obtained for a water-deprived animal is greater than the highest specific 
gravity obtained for a control animal. 

To determine the statistical significance of the difference between the two 
means, an analj’^sis of variance was performed on the data (Snedecor, 6). The 
results are summarized in table 2. 

The ratio of between-group variance to ndthin-group variance (F value) is 
67.76. An F value of 8.28 is significant at the one per cent level of confidence 
(Snedecor, 6, p. 223). Our obtained value greatly exceeds this figure. We can 
safely conclude that this difference did not arise by chance, i.e., the probabilities 
of obtaining such a difference by chance are considerably less than 0.01. 

This increase in plasma protein concentration following a 48 hour water pri- 
vation interval suggests a marked reduction in plasma water volume. Our 
results agi’ee with the conclusions of Rose, Stucky , Mendel, and Cowgill (5) . 


TABLE 2 


SOURCE 

DEGREES or rRFXDOM 

SUM or SQUARES 

MEAN SQDARE 

Total 

19 

12,577.00 


Between groups 

1 

9,937.25 

9,937.25 

Within groups 

18 

2,639.75 

146.65 


Hamlin and Gregersen (3) obtained a plasma volume increase vdth the intra- 
venous injection of sodium pentobarbital in the cat. Similarly, Jarcho (4) has 
reported a decrease in plasma protein concentration in both the cat and the dog 
under influence of nembutal. He has inferred that hemodilution is effected by 
entering body fluids. Although phylogenetic differences in blood response to 
drugs is common, there exists the strong possibility that all of our plasma 
samples have been to some extent diluted by the action of the anesthesia em- 
ployed. That is to say, nembutal may exert an effect on the rat similar to that 
obtaining in the instance of the cat and the dog. For this reason the absolute 
specific gravities here reported have no essential validity. 

SUMMARY 

Specific gravity determinations were made upon the plasma samples of water- 
deprived rats and upon plasma samples of rats maintained on an ad libitum drink- 
ing regimen. The mean specific gravity of the former group was found to be 
significantly greater. It was concluded that a decrement in plasma water volume 
occurs during severe water privation in the rat. 
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From the literature on the metabolism of the failing mammalian heart the 
impression maj'" be gained that myocardial failure is associated with a deficiency 
in adenosine triphosphate (ATP) and phosphocreatine, the compounds ■which 
constitute the direct source and the nearest reservmir of chemical energi"^ for 
muscular contraction. Thus, according to Cruikshank (1), the ratio of the phos- 
phate of phosphocreatine over inorganic phosphate is an index of the physiolog- 
ical state of the heart. This contention, however, is based on the behavior of 
hearts deprived of ox5'^gen or nutrients and hence lacks validity as a general- 
ization. Herrmann and Decherd (2) and Myers (3), who observed losses in 
total creatine in failing human hearts, imply that the phosphocreatine content 
probably was correspondingly diminished. Accompanying losses in ox3’^purines 
and total acid-soluble purines have been accepted as a probable indication of a 
decrease in ATP (3, 4). On evidence presented below, the assumption of a pro- 
portionality between total and phosphorylated creatine in cardiac muscle must be 
questioned. YTiether the concentrations of total acid-soluble purines and of 
oxypurines are proportional to the concentration of ATP remains to be deter- 
mined. 

In view of the limitations of the above studies, it seemed desirable to examine 
the relation between cardiac function and energy-rich phosphate supply under 
conditions a, where the functional state of the heart could be described in quanti- 
tative terms; h, where its content of labile phosphates could be determined di- 
rectly, and c, where there was reasonable assurance that adequate oxygenation 
and nutrition of the myocardium was not interfered with by non-experimental 
factors. The heart-lung preparation perfused with a large volume of blood was 
selected as a suitable test object. 

Methods. Cardiodynamic measuremmts. Healthy male and non-pregnant 
female dogs in the post-absorptive state, weighing between 8 and 12 kgm., were 
used. The Starling heart-lung preparation (HLP) was made with the animals 
under pentobarbital anesthesia. Large dogs anesthetized with ether seiwed as 
blood donors. The blood was defibrinated and used either immediately or 
stored at 2°C. for one to four days. Differences in the results attributable to the 
length of storage were not noticed. The total amount of circulating blood in the 
heart-lung system was about 900 cc. at the beginning of the experiments. Its 
temperature was kept constant at about 38°C. Arterial resistance Avas main- 
tained at 80 mm. mercury. The level of the blood in the venous supply resen'oir 
(inflow level) was held constant at approximately 110 mm. above the opening of 

^ This work was supported by a grant from the Life Insurance Medical Research Fund- 
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the inferior vena cava, except for brief tests of nayocardial competence described 
below. 

Myocardial failure either developed spontaneously after several hours or was 
induced by the administration of one of a number of drugs with a negative ino- 
tropic action. These drugs were: the general anesthetics and anticommlsants’ 
pentobarbital, chlorobutanol, paraldehyde, diphen 5 dhydantoin, and propazone 
(5 , 5-di-n-prop5d-oxazolidinedione-2,4 ) ; the local anesthetics procaine and tetra- 
caine; the antimalarial quinacrine; and the organic mercurial diuretic mersalyl. 
Preparations of competent hearts served as controls. 

The following measurements of cardiac and circulatory function were taken by 
methods previousl}'^ described (5); S 3 ’’stemie output, S 3 '’stemic arterial pressure, 
pulmonar 3 '' arterial pressure, and, in a number of experiments, left atrial pressure. 
Right atrial pressure was measured with a water manometer connected to the 
inferior vena cava. Coronaiy sinus outflow was channeled into a Morawitz 
cannula and measured with a graduated tube and stop watch or with a Condon 
flomneter. The value thus obtained was taken to be 60 per cent of the total 
coronar 3 '' flow. The heart rate was determined with a stop watch. The work per- 
formed by the heart was calculated from the S 3 "stemic and pulmonary arterial 
pressures and the output of both ventricles, acceleration work being neglected. 
The reserve capacity of the heart for performing work, or, more specifically, its 
competence to take care of an increase in blood supply, was estimated according 
tb ICrayer (6) from the response of the right atrial pressure to an increase in the 
height of the inflow level. The results of these tests of cardiac competence have 
beeri"explrebed as the “competence index” (C.I.). This index is defined as 
follows : 

^ j _ increase in inflow level — increase in right atrial pressure 
' increase in inflow level 

It ranges from 0 for a fully incompetent heart to 1 for a fully competent heart. 
In' the present experiments the increase in right atrial pressure (in millimeters 
water) wds determined following an increase in the inflow level of 50 mm. Thus, 
the 'competence index was always computed; 

T 50 — increase in right atrial pressure 
“ 50 

Chemical detenninations. Five minutes follondng the last competence test 
arid immediately following the last set of the other measurements, a sample of heart 
muscle from the apical region of the left ventricle, weighing 3 to 5 gi’ams, was 
taken for anatysis. It was quickl 5 ’' severed with a sharp razor and dropped 
immediately into a Dewar flask filled to the rim with liquid nitrogen. Not more 
than one second elapsed between severance of the apical piece from the rest of 
the heart and immersion into the liquid. 

The complete^'' frozen sample was rapidl 3 ’ weighed on a torsion balance and 
transferred quickly into a chilled porcelain mortar in which it was ground with 7 
to S volumes of ice-cold 5 per cent trichloroacetic acid to a fine suspension. The 
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suspension was left standing for two minutes and the solid particles were filtered 
off on phosphate-free filter paper and washed with another 6 volumes of tri- 
chloroacetic acid. The. filtrate was made just alkaline to phenolphthalcin with 
a small volume of 8 N sodium hydroxide. This whole procedure was carried out 
in the cold room under ice cooling. 

The neutralized trichloroacetic acid filtrate was analyzed for total acid-soluble 
phosphate (TASP), free inorganic phosphate, the phosphate of phosphocreatine, 
and the labile phosphate of adenosine poij'-phosphatc (APP). In hearts excised 
several minutes after death (7) and also in aerated heart muscle slices (8) the 
last-named phosphate fraction contains some adenosine diphosphate. In the 
fresh heart in situ, on the other hand, probably all the detectable labile nucleotide 
phosphate is that of ATP (9). However, since this has not yet been shown to be 
the case also in the fresh isolated heart, the designation labile P of APP rather 
than labile P of ATP has been gii^en to the easily hydrolyzable nucleotide phos- 
phate of the HLP hearts. 

• The final determinations of phosphate in the orthoinorganic form were made 
simultaneously bj’’ the method of Fiske and Subbarow (10) with a visual colorim- 
eter. For the determination of TASP an aliquot of the filtrate was ashed with 
sulfuric and nitric acids (10). The material w’as then diluted with water and 
heated in a boiling water bath in order to decompose any pyrophosphate or meta- 
phosphate formed during the ashing. Inorganic phosphate was determined 
directlj’- after precipitation as the calcium salt (11). The phosphate of phospho- 
creatine was estimated by subtracting the inorganic phosphate from the value 
obtained after 30 minutes of acid hydrolysis at room temperature in the presence 
of molybdate (11). The labile P of APP was estimated by subtracting the latter 
value from that obtained after hydrolysis with 1 N hydrochloric acid for 7 
minutes at 100°C. (12). 

In a few experiments determinations of acyl phosphate w^ere carried out. A 
3 cc. aliquot of unneutralized trichloroacetic acid filtrate was used for this purpose. 
The specific procedure of Lipmann and Tuttle (13) w^as follow'ed with slight modi- 
fications suggested by Doctor Lipmann. 

During the course of the study it became desirable to check the identity of the 
phosphate fraction analj'^zed as the phosphate of phosphocreatine. This w^as 
accomplished in two w^ays; o. The speed of hydrolysis of phosphocreatine was 
measured. For this purpose the reaction Avas carried out under mild conditions 
according to Lowry and Lopez (14), Avho use ascorbic acid at pH 4 as reducing 
agent in the determination of phosphate. The concentration of ammonium 
molj'^bdate Avas 0.25 per cent. The course of the reaction AA'as folloAved Avith a 
photoelectric colorimeter, readings being taken eA’^ery tiA'o minutes, and the 
half-life aa^rs computed, b. Phosphocreatine Avas determined as creatine. The 
compound Avas precipitated in the manner described by Fiske and SubbaroAV 
(11) by treating 3 cc. of neutralized filtrate AAuth a corresponding amount of 
copper acetate at a pH betAveen 7 and 8. The precipitate Avas centrifuged 
off and Avashed AAuth a few cubic centimeters of Avater. The combined 
supernatant and washing contained the free creatine of the sample. Creatinine, 
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in the small amounts present, remained likewise in the supernatant. ■ The two 
compounds were estimated according to Folin and Wu (15). Total- creatine 
plus creatinine were estimated in a separate sample of the filtrate; The differ- 
ence between the two results Avas taken to represent phosphoiylated creatine. 

Results. The main results of this stud}’- are given in table 1. They are 
grouped into three sections, representing the normal controls, the spontaneously 
failing hearts, and the hearts made to fail by the'cardiotoxic drugs. ' Although the 
various drugs may not impair the contractility of the heart by the same mech- 
anism'y there is some justification in grouping together the results obtained AA’ith 
these drugs, inasmuch as both the cardiodynamic and the chemical changes 
Avere,'bn'the AA’hole, in the same direction. The significance of the differences be- 
tween- the means of the tAvo groups of failing hearts on the one hand and the con- 
trols- on the other hand is evaluated statistically. 

• iThe' cardiodynamic data-in table 1 illustrate the impaired activitj’- of the hearts 
in the tAA’O experimental groups at the time the cardiac muscle sample aa’rs re- 
moved for analysis. A markedl}’’ eleAmted right atrial pressure signalizes right 
ventiicular failure. Left atrial pressure aa’rs greatl}’- elevated in all the spontan- 
eously failing preparations in wkicli it AA’as measured, shnAA-ing that failure AA’as 
left- as Avell as fight-sided. A sharp rise in left atrial pressure AA^as observed also 
in a heart poisoned Avith mersalyl. In the experiments AA’ith the other cardio- 
toxic drugs, left atrial pressure AA’as not recorded. Most of these drugs, hoAA'ever, 
have been tested previously in this laboratory on the HLP and Avere found to be 
as potent in causing increases in the left as in the right atrial pressure. The 
reserve capacity of the failing hearts, reflected in the C. I., was largely used up or 
was completely exhausted. Actual Avork performance AA-as greatly diminished, 
due principally to a sharp decline in minute output. This decline AA’as entirely 
the result of a severe reduction in systemic output. Some hearts AA’ere AA'eakened 
to such an extent that no blood or only negligible amounts AA’ere being pumped 
into -the system. Coronary floAv, in spite of a decreased arterial pressure, AA’as 
increased in most cases, especially in spontaneous failure and in failure induced by 
chlorobutanol and diphenylhydantoin. In the majority of the experiments, 
more- blood AA’as circulating through the coronaries at the time of the terminal 
measurements than through the system. The failing hearts remained to the end 
adequately supplied Avith blood. 

The heart rate AA’as decreased in eAmry instance of spontaneous failure. All 
compounds AAoth a negative inotropic action, except mersalyl, had also a negative 
chronotropic action. The local anesthetics produced, in addition, irregu- 
larities of rhj-iihm. 

Table 1 shoAA’s that loss of myocardial contractilit}’: AA'as not associated AAuth a 
loss in APP and phosphocreatine, but, on the contraiy, AA’as accompanied in most 
instances bj’ a gain in phosphocreatine. The discrepancj’ betAA-een the cardio- 
d^amic and chemical data is striking. In spite of extreme differences in per- 
formance and functional capacity, the APP concentration remained relatiA’ely 
constant. LoAA'ered A’alues AA’ere found in a fcAV failing hearts AA'hich also were 
correspondingly poorer in TASP, probabl}’ because of the presence of edema 
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fluid or of comparatively large amounts of coronary blood in the tissue. Othei- 
wise, the TASP concentration was likewise undiminished in failure. The con- 
centration of phosphocreatine, which in the control group ranged from 12.0 to 
17.4 mgm. P per cent, ndth an average of 14.3, was significantly higher in the 
experimental groups. In spontaneous failure it varied from 15.3 to 22.7 mgm. 
P per cent, averaging 19.5; in diug-induced failure the range was 12.4 to 28.4, the 
average 18.0. The inorganic phosphate was somewhat diminished. In the two 
very feebly contracting hearts at the bottom of the list, the phosphocreatine 
concentration, amounting to 22.7 and 20.0 mgm. P per cent, was among the 
highest in the series. It should be noted that even in these two cases of extreme 
failure, in which the systemic circulation had ceased, the coronaiy circulation 
was still functioning. Although diminished to a small fraction of the normal 
volume, it must have been sufficient, in view of the negligible amount of work 
performed, to maintain metabolism. The high levels of APP and phosphocrea- 
tine are a good proof of this contention. 

Determinations of acyl phosphate were performed only in a few scattered ex- 
periments. However, the results show cleai'ly enough (table 1) that the con- 
centration of this energ 3 ’'-rich phosphate fraction is practically negligible in the 
failing as well as in the non-failing heart. 

It is evident from the results in table 1 that, under the conditions prevailing 
in the present experiments, myocardial failure developing spontaneously or pre- 
cipitated by the various pharmacological agents used is not due to exhaustion of 
the immediately available supply of energy for systole (or for diastole). 

Identity of the “excess” phosphocreatine of (he isolated heart. The values of 
phosphocreatine in table 1 fall within the same range as those obtained by 
Pollack, Flock, Essex, and Bollman (17) in the heart of the dog HLP. These 
authors drew attention to the observation that isolated dog hearts are frequently 
richer in phosphocreatine than is the heart in the intact animal. We have made 
phosphate determinations in the hearts of six intact anesthesized dogs kept unden 
artificial respiration and found, in agreement with Pollack et al., the phosphocre- 
atine content to be considerablj’’ below that of the normal HLP heart. The values 
for the six hearts ranged from 7.0 to 11.4 mgm. P per 100 grams apex, averaging 
8.9 mgm. The distribution of the other organic acid-soluble phosphate fractions, 
including acyl phosphate, was about the same as in the heart of the HLP. 

Before accepting as a fact that the isolated heart has a greater phosphocreatine 
reserve than the heart in situ, it had to be made reasonably certain that the bulk 
of the phosphate analyzed as that of phosphocreatine actually came from phos- 
phocreatine and was not derived in part from some other phosphate fraction of 
similar analytic behavior. For this purpose the identity of the phosphate of the 
HLP heart determined as the phosphate of phosphocreatine by the method of 
Fiske and Subbarow was subjected to verification by the use of the procedures 
outlined above, i.e., by measuring the half-time of splitting phosphocreatine 
under the mild hydrolytic conditions specified by Lowrj'' and Lopez (14), and by 
determining the compound as creatine. Three non-failing and four ’sponta- 
neously failing hearts were used for this purpose. 



TABLE 1 

Acid-soluhle phosphates in normal and failing hearts of dog heaii-lung preparations 
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The results of these experiments are shown in table 2. The phosphocreatine 
content of the seven hearts as determined by the method of Fiske and Subbarow 
ranged from 13.8 to 22.7 mgm. P per cent. The method of Lowry and Lopez 
yielded values close to these. The half-life of hydrolysis was 14 and 28 minutes 
in two of the experiments; in the other four experiments it was close to 20 min- 
utes; 20 minutes, according to Lowr}’- and Lopez, is the half-life of the reaction 
in 0.25 per cent ammonium molybdate at pH 4. Thus, the phosphate fraction 
determined as phosphate of phosphocreatine behaved, on the whole, like true 
phosphocreatine. 

The results of the creatine determinations in table 2 reveal, first of all, in con- 
firmation of earlier data reported by Pollack et al. (17), a lack of correlation be- 
tween the amounts of phosphorylated and of total creatine in the cardiac muscle 
of the dog HLP. The creatine bound to phosphate, computed from the phos- 


TABLE 2 

Phosphocreatine in the heart of the heart-lung preparation 
of the dog as determined by various methods 


POGNO. 

1 

1 

CONDITION OF HEART i 

P OP PHOSPHOCREA- 
TINE 

OP 

PHOSPHO- ! 
CREATINE 1 
HFDRO- 1 
LYSIS* 

TOTAL 

CREATINEtj 

CREATINE 

or 

PHOSPHO- 
CREATINE 1 

1 

MOLAR RATIO OF 
CREATINE OF PHOS- 
PHOCREATINE TO 
PHOSPHATE OF PHOS- 
PHOCREATINE 
(nSKE-StJBBAROW) 

Fiske- 

Subbarow 

Lowry- 

Lopez 



mm.% 

mim.% 

min. 

mgm. % ! 

mgm. % 


S3 

N ormal 

13.8 

14.1 

14 

275 

58 


86 

Normal 

17.4 

15.6 

21 

209 

55 


87 

Normal 

13.6 

14.0 

23 

207 

72 


82 

Spontaneous failure 

18.0 



281 

; SO 


84 

Spontaneous failure ' 

22.5 

19.4 

16 

252 

72 


85 

Spontaneous failure I 

22.7 

20.2 

28 1 

228 

1 79 

0.85 

95 

Spontaneous failure 

15.3 

14.8 

IS 

172 

55 

0.87 ‘ 


* In 0.25 per cent ammonium molybdate at pH 4 and room temperature, 
t Includes preformed creatinine. 


phocreatine values obtained by the Fiske-Subbarow method, varied from 21 to 
41 per cent of the total creatine. In the 26 experiments of Pollack et al. it varied, 
according to calculations made from their data, from 14 to 54 per cent. The 
coefficient of correlation between the amount of phosphocreatine and of total 
creatine, based on the combined data of Pollack et al. and of table 2, has the very 
low %^alue of 0.08. The fact that in cardiac muscle only a relatively small fraction 
of the total creatine is combined Avith phosphate helps explain AAffiy this correla- 
tion is so loAV. 

The creatine fractionation yielded ratios of moles of creatine of phospho- 
creatine to moles of phosphate of phosphocreatine (Fiske-Subbarow A’^alues) 
var 3 dng from 0.78 to 1.28. In the two hearts Avith the highest values of P of 
phosphocreatine (22.5 and 22.7 mgra. per cent) the ratios were 0.78 and 0.85. A 
1 :1 ratio, based on the figures for bound creatine, Avould have been obtained for 
P of phosphocreatine Amines of 17.6 and 19.3 mgm. per cent. These are con- 
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centrations wliicli still are twice as high as those in the heart muscle of the intact 
dog. From these data it appears that the bulk of the phosphate of the dog HLP 
heart analyzed as the phosphate of phosphocreatine actuallj’’ is combined with 
creatine. 

Together with the finding that the higlily labile phosphate of acetyl phosphate 
or other acyl phosphates is uniformly very low both in the isolated heart and in 
the heart in situ, the results presented in tables 1 and 2 leave littledoubtthatthe 
heart of the HLP is considerably richer in phosphocreatine than the heart of the 
intact animal. 

The cause of the elevated phosphocreatine content of the HLP heart has yet 
to be ascertained. Pollack ct al. (17) have merely commented that the phenom- 
enon is not simply a restoration of something broken doum during the setting 
up of the HLP. Preliminary experiments suggest that exclusion of the liver 
from the circulation may produce an increase in the phosphocreatine content 
of the heart. 

Relation between the phosphocreatine concentration and heart rale, work perform- 
ance, and surmval time of the heart-lung preparation. Inspection of table 1 re- 
veals three variables which may be singled out, both on the basis of theoretical 
considerations and on the basis of the actual results, as possibly having contribu- 
ted to changes in the phosphocreatine level of the HLP hearts. These r’^ariables 
are heart rate, work performance, and sundval time of the preparation (measured 
from the moment the heart-lung circuit was established). It was seen from 
table 1 that hearts beating at low frequencies and doing little work tend to accu- 
mulate a high phosphocreatine reserve. Lowering of heart rate and of work per- 
formance are, in turn, consequences of increasing survival time, at least in prepa- 
rations not treated ivith toxic drugs. The importance of the time factor in causing 
elevation of the phosphocreatine level in the heart of the HLP has been stressed 
by Pollack el al. (17). These authors, however, gave no data on heart rate and 
work performance. 

The extent to which the phosphocreatine concentration is correlated to heart 
rate, to work, and to the survival time of the HLP is shown in table 3. Product- 
moment correlation coefficients were calculated from the results of the 28 experi- 
ments in table 1, assuming that the depressant drugs have no direct specific 
action on the phosphocreatine content. The values obtained indicate the ex- 
istence of significant over-all relationships between the amount of phospho- 
creatine on the one hand, and heart rate, work, and survi-\’'al time on the other 
hand. The respective zero order r’s are —0.58, -0.47, and -fO.48. However, 
since rate and work of the HLP usually decrease with time, the zero order corre- 
lations between rate and phosphocreatine and between work and phosphocreatine 
may be high on account of the common influence of the time factor, and the latter 
maj'" correlate significant^ with phosphocreatine by virtue of its influence on 
rate and work. 

A truer estimate of the pure relations between phophocreatine and the other 
three variables than that provided bj’’ the zero order correlations is given by the 
partial correlation coefficients in table 3. It is seen that when the surffival time 
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of tlie HLP is statistically kept constant, the coefficient of correlation between 
phosphocreatine and rate is onlj’- n}oderatel 5 ’- reduced to the still fairly sizable 
value of —0.51. On the other hand, keeping the sur\dval time constant reduces 
the correlation coefficient for phosphocreatine and work from —0.47 to —0.29. 
Similarly, removal of the influence of rate and work on the relation between 
phosphocreatine and survival time lowers the coefficient from 0.48 to 0.31. Of 
the three partial correlation coefficients, only that linking phosphocreatine and 
heart rate can be considered to be significant. 

This analysis of the results suggests that among all the cardiodynamic variables 
measured, the heart rate is by far the most important in determining the phospho- 
creatine level of the heart.- The direct proof of this contention remains to be 

TABLE 3 


Cocfficicnis of correlatio7i between phosphocreatine in the heart of the dog heart-lung preparation 
and heart rate, work performance, and time of survival of the preparation 
(1) Phosphocreatine; (2) heart rate; (3) work; (4) time of survival. 


2EKO ORDER f* 

ATTAINED 1£VEL OF 
SIGNIFICANCE^ 

PAETIAI. rf 

ATTAINED LEVEL OF 

significanceJ 


p 

|||||||||||■■||||| 

p 

Tli = —.58 

0.01 



ns = —.47 




Tu = 4-. 48 

0.01 


0.2 


* r = — , where X and y are the deviations of the individual values of the two 
VSx^-Sy- 

variables from their respective means, 
t Calculated by the general formulae: 

^*c6 ?*oc’?'6c 

Tah'c ~ ■ ' 

V (1 — roc-)(l — 

and 

^ab’d ”” 7*oc*d‘^6c’d 

^ob'cd ~ ' * 

V (1 - r „../)(! - rbc./) 

i As indicated by the t-test (16) 

furnished b}^ actual experiment. There can be little doubt, however, that a 
major reason for the elevated phosphocreatine content of the failing hearts in 
table 1 was their lowered rate of beat. 

Discussion. The present experiments have demonstrated that myocardial 
failure can occur in the presence of an adequate supply of energ}’" for the cardiac 
c^mle. Specifically, it has been shoum that in hearts failing spontaneously or as a 
result of the toxic action of general anesthetics, local anesthetics, quinacrine, 
or mersalyl, there is no deficiency in APP and phosphocreatine. Since the 
ultimate goal of metabolic energj’" production in muscle is to supply energj’’ utiliz- 
able for contraction in the form of the energj’’-rich phosphate bonds of APP and, 

- The difference between the phosphocreatine content of the isolated heart and of the 
heart in situ is not due to a difference in heart rate. 
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in the second place, of phosphocreatine, it is clear at once that these types of myo- 
cardial failure are not caused by impairment of energy metabolism. On the 
contrary, the energy reserves for contraction are more abundant than in the well- 
funptioning heart, as witnessed by the unusually large phosphocreatine stores. 
It is, therefore, the utilization and not the generation of phosphate bond energy 
that is at fault. 

This concept of a mechanism of experimental myocardial failure is in agree- 
ment vdth the work of Visscher (18), who concluded, from measurements of work 
and oxygen consumption, that the defect underljdng the spontaneous failure of 
the isolated mammalian heart perfused with blood is one of energy utilization 
and not of energy production. It is incompatible with the view of Katz (19), 
likewise based on measurements of work and oxygen consumption, that this type 
of cardiac failure is due to impairment of energy metabolism. 

Burns and Cruikshank (20) observed that, in the ventricles of dog HLP’s ex- 
posed to the combined action of insulin and epinephrine, the APP and phospho- 
creatine were reduced by 50 and 25 per cent, respectively, below the values found 
in the ventricles of intact dogs. Their implication that these changes are repre- 
sentative of the behavior of the mammalian heart fatigued in the presence of 
oxygen appears hardly warranted. Their further finding that the heart of the 
normal HLP may contain less phosphocreatine than the heart of the intact ani- 
mal is in sharp disagreement with the data of Pollack cl al. (17) and of the present 
study. Weicker (21) reported that he found the APP and phosphocreatine con- 
tent of isolated cat hearts to be greatly reduced in insufficiency following long- 
lasting perfusion. The fact that the perfusion fluid used was Tyrode solution and 
not blood may account for the depletion of the energy-rich phosphates. It is not 
unlikelj’^ that during the course of the experiments the oxygen supply to the myo- 
cardium became a limiting factor in the s 3 Tithesis of these compounds. The 
isolated frog heart, which usualb'' is kept at a much lower temperature than 
mammalian heart preparations and hence requires comparativelj’’ less oxygen, 
will beat, according to Clark el al. (22), for manj'’ hours in ONj^genated Ringer 
solution wth only insignificant or moderate losses of phosphocreatine and APP. 
Clark el al. (cf . 22) have also shown that the frog heart can be weakened by a gen- 
eral anesthetic (ethyl urethane) and by other pharmacological means 'without a 
decrease in its phosphocreatine content. Of interest in connection with these 
and with the present findings is the observation of Jokl (23) that in rats forced to 
run to exhaustion, the phosphocreatine concentration in the fatigued muscles of 
the thigh rises to abnormally high values. 

In view' of the poor correlation found to exist betw'een total creatine and phos- 
phocreatine in the isolated heart, it seems hardlj' justified to assume the existence 
of a high correlation in the heart in silu. Indeed, data presented recently'" by 
Davies el al. (24) reveal not only a marked difference betw'een atria and ventricles 
w'ith respect to the percentage of the total creatine present in phosphorjdated 
form, but show also that this percentage varies considerably among atria and 
among ventricles of animals of the same species. On the basis of existing evi- 
dence, therefore, it is difficult to accept the inference of Herrmann and Decherd 
(2) and of Myers (3) that the loss in total creatine wliich thej' observed in failing 
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human hearts probably reflects a loss in phosphocreatine. It is, of course, not 
improbable that in congestive heart failure in the human and in the intact animal, 
M'here, due to cardiac hypertrophy and other factors, the ox3'-gen supply to the 
mj’-ocardium is in all likelihood poorer than in the failing HLP, the concentra- 
tions of phosphocreatine and of APP may be low. From the relation between 
cardiac rate and phosphocreatine content found in the present experiments, a 
low level of phosphocreatine and possibly of APP is to be expected if congestive 
heart failure is accompanied, as is very often the case, by tachycardia. It is 
regrettable that none of the authors cited above has published any information 
on the rate at which the hearts which they analyzed had been beating. 

In a parallel studj’’ dealing with metabolic aspects of the toxic action of the 
general and the local anesthetics on the heart (25) it was found that the former 
group markedly inhibits the respiration of slices of dog heart muscle in concentra- 
tions which reduce, but do not abolish, the contractility and automaticity of the 
organ. This flnding suggested that the negative inotropic and negative chrono- ' 
tropic action of these drugs may be due to a depression of respiratory metabolism. 
The present finding that hearts depressed bjf such general anesthetics as pento- 
barbital, chlorobutanol, paraldehyde, and propazone are able to maintain a 
normal supply of APP and phosphocreatine speaks ■stronglj’- against this notion. 
Since in the present experiments the hearts were exposed to these drugs for a 
period of one-half hour or more before a sample was taken for analysis, it appears 
highly improbable that the energy for the synthesis of APP and phosphocreatine 
was furnished anaerobically. Therefore, unless one assumes that the activity 
respiration of the heart is less sensitive to general anesthetics than is the respira- 
tion of quiescent cardiac slices, the differential action of these drugs on respi- 
ratory activity and on energy-rich phosphate supplj’’ maj'' be explained on the 
ground that the energy demands of the weakened hearts were so low that the}^ 
could be satisfied even by a markedly depressed respiration. 

A corollary of the present findings concerns the mechanism of action of com- 
pounds capable of relieving the types of mjmcardial failure investigated in this 
study. The cardiac glycosides and epinephrine, for example, are known to re- 
store the contractile power of the heart in spontaneous and in barbiturate failure 
and have been observed in this laboratory to act in the same "way in cardiac 
failure precipitated by other general anesthetics and by local anesthetics, mer- 
curials, and quinacrine. Inasmuch as none of these failures is caused by impair- 
ment of energj'^ metabolism, the positive inotropic action of the cardiac glycosides, 
of epinephrine, or of any other drug effective in these failures, cannot be the result 
either of effects on energy'’ metabolism, regardless of what metabolic changes 
ma3' be produced in the m3’’ocardium. The primar3'’ action of these substances, 
like that of the negative inotropic agents studied and like the changes leading to 
spontaneous heart failure, must be concerned w'ith a phase of myocardial con- 
traction other than the generation of utilizable chemical energy. 


SUMaiARY 


Hearts of dog heart-lung preparations failing spontaneously or as a result of 
the administration of various general anesthetics or local anesthetics, or of 
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mersaljd or quinacrine, have a normal supply of adenosine polyphosphate and 
are richer in phosphocreatine than non-failing hearts. Both non-failing and 
failing hearts contain only negligible amounts of acyl phosphate. 

The elevated phosphocreatine content of the failing hearts can probably be 
accounted for in part by a lowered rate of beat. 

The identity of the phosphate fraction determined as the phosphate of phospho- 
creatine has been verified. It has been confirmed that in the heart of the heart- 
lung preparation, non-failing as well as failing, this fraction is considerablj’’ higher 
than in the heart in situ. 

Analysis of earlier and of the present data reveals a lack of good correlation between 
the amounts of phosphorylated and of total creatine in the heart of the heart-lung 
preparation of the dog. 

The results indicate that the ijiies of myocardial failure studied are due to 
impairment of the utilization and not of the generation of phosphate bond energy. 
The implication of this conclusion in regard to the mechanism of the positii^e 
inotropic cardiac action of certain pharmacological agents is pointed out. 

Acknowledgment. 1 am indebted to Drs. 0. Krayer, F. Lipmann, and C. H. 
Fiske for ad\ace and to Messrs. J. G. Smith, L. Harris, and S. J. Yaffe for tech- 
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Dog plasma contains an enzyme in the aj globulin fraction capable of hydro- 
lyzing acetylcholine and other esters. The determination of the acetylcholine- 
splitting activity of plasma is a convenient method of studying this esterase. In' 
a previous report (1) it ■was sho'wm that considerable plasma esterase exists in the 
liver, and that this store can be mobilized under certain conditions. In the 
present paper the esterase content of lymph from the liver and other sources is 
studied; the influence upon l 3 rmph of two procedures, shown in the previous report 
to affect the distribution of esterase between plasma and liver, is examined; and 
the possibility that plasma esterase may arise from lymph nodes or lymphoc 3 d>es 
is investigated. 

Methods. Healthy male or female mongrel dogs were used after having been 
kept in the laboratory for two or three days to assure that they were adequately 
hydrated. The distribution of plasma esterase was disturbed in one group of 
dogs by the administration by stomach tube, immediately before feeding on each 
of the two days preceding the collection of lymph, of 1 cc. per kgm. of carbon 
tetrachloride diluted with an equal volume of Wesson oil. In another group of 
dogs hemodilution was brought about by the transfusion of concentrated solu- 
tions of esterase-free human or bovine® crystalUne plasma albumin. Samples of 
blood and lymph were taken 30 to 60 minutes after this transfusion, at a time 
when the plasma esterase concentration had fallen to about 80 per cent of its 
normal value, as shovm in the previous report (1). 

All experiments involving the cannulation of l 3 Tnphatics were carried out under 
sodium pentobarbital anesthesia, a uniform level of anesthesia being maintained 
by the administration of small doses of the drug during the course of the 
experiment. 

Collection of lymph from the thoracic duct and' the left cervical duct were 
accomplished by customary procedures through an incision in the neck (2). 
Liver Ijnnph and mesenteric lymph were collected at laparotom}'’ (transversalis 
incision), the former from a cannula inserted in one of the lymphatics which can 
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be seen running on the lesser omentum and the neck of the gall bladder (3), and 
the latter from a large lymph trunk leaving the pancreas of Aselli. In a number 
of experiments, the dye T-1824 was injected in 0.3 per cent solution into the 
various lobes of the liver in order to ascertain that the fluid collected actually was 
liver Ijunph. In all cases tested, the administration of dye into either the right 
lateral or the central lobe was followed within a few seconds by the appearance of 
dye in the liver lymph. 

Blood for analysis was collected from the femoral artery of one leg while 
injections were made into the corresponding vein of the other leg. Drj’’ heparin 
was added to all lymph samples as an anticoagulant and 0.1 cc. of 1 per cent 
heparin solution in 0.9 per cent NaCl was used per 5 cc. of blood. 

Cholinesterase determinations were performed by the method of Ammon (4) ; 
0.025 M sodium bicarbonate buffer (pH 7.4) in 0.25 M sodium chloride was used 
as a reaction medium, and 0.08 M acetylcholine bromide (Eastman Kodak Com- 
pany, once recrystallized) as a substrate. Results are expressed as millimoles of 
acet 3 dcholine hj’^drolj’^zed by 1000 grams of plasma or tissue in one hour. 

Total protein determinations were carried out refractometricallj’’ and were 
checked occasional^ against the copper sulfate specific gravity method of 
Phillips et al. (5). 

Lymph nodes removed from anesthetized or fresh)}’- killed dogs were homo- 
genized in 5 volumes of 0.9 per cent NaCl for the determination of esterase 
activity. Lymphoc}des were obtained from fresh lymph nodes teased apart by 
needles in physiological saline containing 0.2 per cent dextrose. The resulting 
suspensions were allowed to stand for 10 minutes to permit settling out of larger 
fragments of tissues. Lymphoc}des were then separated by carefully layering 
the suspension over isotonic 21 per cent bovine albumin solution (Armour and 
Co.) and centrifuged at 500 r.p.m. for 5 minutes, then at 2000 r.p.m. ( r = 24 cm.) 
for 15 minutest The layer of colorless cells between the supernatant and the 
albumin was harvested and found to consist mainly of lymphocytes with some 
admixture of damaged cells. This mixture was resuspended in saline in a gradu- 
ated centrifuge tube and centrifuged for 15 minutes. By this procedure it was 
possible to obtain from 3 to 4 grams of fresh tissue 0.2 to 0.3 cc. of packed cells, 
mainly lymphocytes. 

Results. Table 1 shows the results of analyses of plasma and of lymph from 
the liver and cervical and thoracic ducts. In normal dogs the esterase activity 
of blood plasma and of liver lymph are very nearly equal. In confirmation of 
earlier observations (6) it was found that cervical lymph contains considerably 
less esterase activity — about 30 per cent that of plasma — while thoracic duct 
lymph occupies an intermediate position. In liver l}mph the ratio of esterase 
activity to total protein is identical with that of plasma, while in cervical l}mph 
■this value is considerably lower. The values for thoracic duct lymph are 
intermediate. 

Liver injury by carbon tetrachloride results in large increases in the blood 

^ The authors are indebted to Dr. C. J. Favour for suggesting this technique. 
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plasma esterase activity (l)^; As sho-vvn in table 1, liver lymph remains similar to 
plasma. The composition of cervical lymph tends to differ more widely from 
that of plasma than in normal dogs, Avhile thoracic duct lymph may show a 
relative increase in esterase activity. It may be remarked here that while only 
one out of eight normal dogs showed flow rates of the liver lymph exceeding 

TABLE 1 


The distribution of esterase activity between blood plasma and lymph of various sources 


DOG 

SEX 

ESTERASE ACTIVITy 

TttM./ L.fhonr 

TOTAL PROTEIN 

gram % 

E/TP 

V* 

LL 

CL 

XL 

p 

LL 

CL 

TL 

P 

LL 

CL 

TL 

Normal dogs 

66 

M 

H 

99 

29 


7.2 

6.2 

4.8 


14 


6 


67 

F 

IQ 

120 

25 

71 

4.7 

4.6 

3.6 

3.9 

24 


7 

18 

21 

F 

HI 

102 

27 


5.5 

4.4 

2.7 


27 


10 


24 

M 

wm 

85 

38 


5.2 

4.7 

2.4 


17 

18 

16 


26 

M 

101 

83 

19 

44 

5.3 

4.4 

2.7 

3.4 

19 

19 

7 

13 

32 

M 

146 

104 

62 

113 

5.8 

5.8 

3.9 

5.4 

25 

18 

16 

21 

33 

M 

162 

157 

51 

103 

5.2 

4.9 

4.0 

4.3 

31 

32 

13 

24 

34 

F 

78 

74 

26 

53 

5.6 

4.6 

3.7 

3.8 

14 

16 

7 

14 

Mean . . . 


117 

103 

35 

77 

5.6 

4.9 

3.5 

4.3 

21 

21 


18 

St. D.M. 


d=11.2 

±9.2 

±5.2 

±13.5 

HIM 

E5im 

E9IM 


±2.3 

±2.0 

±1.1 

±2.1 

Mean % of P ... . 

100 

89 

29 

61 

HHOro 

RaB 



100 


49 

81 

St.D.M.,P=100.. 


±4.9 

±3.5 

±4.9 


±2.6 

±4.4 

±5.4 


±5.1 

±7.4 

±4.8 


CClf treated dogs 


27 

M 

116 


29 

87 

7.2 

6.4 

4.1 

5.1 

16 

16 

7 


28 

M 

117 

, 102 

15 

68 

5.9 

4.9 

2.5 

3.6 

20 

21 

6 


29 

. M 

133 


19 


6.3 

5.1 

2.7 


21 

20 

7 


30 

F 

284 

273 

43 

184 

4.7 

4.6 

3.6 

3.9 

60 

59 

12 


37 

F 

266 


66 

200 

5.6 

5.3 

3.3 

4.8 

48 

47 

20 


43 

M 

260 

248 

32 

195 

4.3 

4.1 

2.4 

3.3 

61 

61 

13 

59 

Mean . . . 


196 

179 

34 

147 

5.7 

5.1 

3.1 

4.1 

37 

37 

11 

37 

St. D.M. 


±33.4 

±34.7 

±7.6 

±2.8 



RiM 

±0.3 

±8.6 

±8.4 

±2.2 

±4.4 

Mean % of P ... . 

100 


17 



laiMM 


75.0 

100 



94 

St.D.M., P=100. 


3.3 

2.4 

4.3 


2.8 

5.2 

4.4 


1.5 

3.4 

3.9 


* P = blood plasma; LL = liver lymph; CL = cervical lymph; TL =' thoracic duct 
lymph. 


0.06 cc. per minute, three out of six carbon tetrachloride treated dogs showed 
liver lymph flow exceeding this value. The mean value for normal dogs was 
0.045, whereas that for carbon tetrachloride treated dogs was 0.091. l^diile the 
experimental procedure chosen does not appear to warrant accurate quantitative 
comparison, increased liver lymph flow seemed to accompanj’’ the liver injury. 

The transfusion of albumin was followed consistently by decreases in the rate of 
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flow of cervical and thoracic duct lymph, accompanied by increases in the total 
protein content. Changes in liver Ijunph flow and protein content were not con- 
sistent; there was a significant rise in both variables in the case of dog 34; in one 
other experiment (dog 26) there was no change in flow and little or no change in 
the total protein content; in the remaining dogs, liver Ijunph flow decreased. 

TABLE 2 


The effect of transfvsioii of concentrated crystalline albumin 
on the distribution of esterase in ylasnia and lymyk 





PLASMA 

LnxR L^crn 

CER\TOVr. LYMPn 

' ... . 1 

XnORAaC DUCT 

lymph 

DOG 

EXPERIMENTAL PROCEDURE 

Bc- 
i (otc 

After 

O 

to 

c 

Bc- 
1 fore 

After 

O 

to 

c 

1 w 5 

Be- 

fore 

jAftcr 

« 1 

to 

c 

w 5 

Be- 1 

fore 

1 

After 

t> 

to 

C 

w rt 




translusion 

i” 

Iranstusion 

1 

, ©73 

1 transfusion 

, 

transfusion' 

0 ^ 

66 

Bled 100 cc. 

E 


93 

-s 

i 99 


■ 

28 

36 

+28 





trans. 20 cc. 
25% albumin 

E/TP 

1 

14 

15 

+7 

1 

1 16 

1 

17 

-0 

1 

1 6 

1 

1 6 



1 

1 

1 


67 

Bled 140 cc. 

E 

113 

94 

-17 

120 

90 

-25 

25 

23 

-8 

68 

71 

+4 

1 

trans. 28 cc. 
25% albumin 

E/TP 

24 

21 

1 

-12 

1 

26 

19 

-27 

8 

1 7 

-12 

17 

1 

17 

1 0 

26 

Bled 100 cc. 

E 

05 

75 

-21 

93 

69 

-26 

22 

26 

+18 

1 -18 

1 42 

-12 


trans. 48 cc. 
25% albumin 

E/TP 

19 

15 

1 

-21 

22 

17 

-22 

9 

s 

1 

|-11 

1 

14 

1 11 

I 

-21 

34 

Trans. 25 cc. 

E 

78 

60 

-23 

74 

60 

-19 

IS 

15 

-20 

56 

62 

+9 


25% albumin 

E/TP 

16 

1 

12 


16 

12 

-25 

7 

5 

-29 

15 

15 

0 

27* 

Trans. 48 cc. 

E 

116; 

KB 



84 

-16 

28 

30 

+7 

85 

98 

+15 


25% albumin 

E/TP 

15 

B 

-12 

16 

1 

14 

-12 

9 

7 

-22 

16 

IS 

+12 

29* 

Trans. 48 cc. 

E 



-19 


95 

-14 

20 

24 






25% albumin 

E/TP 

23 

20 

-13 


17 

-is! 

1 

7 ! 

1 

7 





37* 

Trans. 40 cc. 

E 

266 

216 

-19 

254 

194i 

-23 

66 

73 

+15: 



0 


25% albumin 

E/TP 

47 

38 

-19 

48: 

36! 

-25 

20 



4l| 

39 ' 

—5 

Average 

E 



-IS 



-19 



+9 

1 


+3 



E/TP 



-14 



-19 






-3 


* Carbon tetrachloride treated dogs. 


Plasma protein content showed the familiar slight rise followed by return toward 
normal values. 

Plasma esterase activity decreased as a result of dilution following the albumin 
transfusions (table 2). In the present series of experiments, decreases ranged 
from 9 to 23 per cent. Simultaneously, the esterase activity of liver lymph 
showed decreases of a similar magnitude in each case. On the other hand, in 
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cervical and thoracic duct lymph only inconsistent changes of esterase activity 
could be observed. The ratios of esterase to total protein (E/TP) decreased less 
markedly in cervical lymph than in liver Ijnnph and in plasma, and remained 
virtually unchanged in thoracic duct lymph. 

In three dogs mesenteric lymph was collected. The results are shown in table 
3. It will be noted that the composition of mesenteric lymph resembles the 
average composition of thoracic duct lymph obtained from dogs vdth intact 

TABLE 3 


Esterase distribution in dogs with cannulae in a mesenteric lymph duct 


1 

DOG 

ESTERASE ACnVITY. j 

TOTAL PROTEIN j 

E/TP 


p* 

CL 

TL 

ML 

p 

CL ! 

1 

TL 

ML 

P 

CL 

TL 

ML 



mu.lL./haur 



gram % 




■1 


42 

177 

36 


87 

6.2 

2.8 


4.6 

24. 

12 


IS . 

44 

110 1 

42 

48 

104 

6.6 

4.2 

3.8 

5.5 

20 

8.7 

Di 

18.9 

46 

116 

17 

27 i 

55 

7.1 

3.4 

3.1 

3.9 

17 

5.0 

ra 

: 13 


* P, CL, TL are same as in table 1. ML = mesenteric lymph. 


TABLE 4 


Esterase activity of lymphoid tissue 


1 

DOG NO. 

mjf./kgm./hr. 

Lymph nodes (mesenteric) 

36 

41 


39 

38 


40 

38 

Average 

39 



Lymphocytes 

39 

8 


40 

19 


41 

25 


43 

13.8 

Average 

16.4 

Plasma Average (1) 



Liver Average (1) 


HBIHl 


mesenteric lymphatics (table 1). B}’’ contrast, the thoracic duct lymph which 
was obtained from two of these three dogs showed low esterase activities and 
E/TP ratios. 

Lymph nodes and lymphocytes were examined for their esterase content. The 
results are tabulated in table 4 together ■with data regarding the average esterase 
activit}’' of normal dog plasma and Ih^er. The l 3 miphoid tissues contain little 
esterase. 

Discussion. One purpose of these studies was to determine uhether the 































ESTERASE ACTIVm* OF BEOOD PLAS^LV OF DOG 751 

$ 

release of esterase from the liver could be detected by the study of liver Ijunph. 
Liver lymph composition can be a useful tool for studies of protein metabolism 
only if significant qualitative or quantitative differences between the proteins of 
fiver lymph and of plasma can be detected. McCarrcll, Thayer and Drinlcer (7) 
have found that the A/G ratios of fiver lymph and of blood plasma were very 
close to each other, and that fiver Ijunph contains about 90 per cent of the total 
protein content of blood plasma. In the course of the present studies these ob- 
servations have been confirmed with regard to the total protein content and have 
been strengthened by the obseirv^ation of similar cholinesterase activities in liver 
lymph and blood plasma and of identical ratios E/TP . Even when the composi- 
tion of plasma was altered, either over a two-day period bj’^ the administration of 
carbon tetrachloride, or vfithin 30 to 60 minutes by the injection of esterase-free 
albumin, the fiver lymph reflected the protein composition of the plasma. The 
similarity of fiver lymph to plasma was emphasized by the results of the intra- 
venous administration of the dye T-1824, which is Icnown to be firmty finked to 
plasma albumin . Here again , within less than 10 rpinutes the dye appeared in the 
fiver lymph in concentrations slightly below those found simultaneously in blood 
plasma. These data suggest that passage of lymph from the blood plasma 
through the fiver occurs at a rate which is sufficiently higher than the rates of 
plasma protein interactions vdth the hepatic parenchyma to prevent the detection 
of overall shifts of protein out of or into the hepatic cells. 

The second question was the possible production of esterase by lymphocytes. 
The data presented appear to inile out the possibility that plasma esterase could 
be formed in the lymphocj'tes and liberated into the blood and lymph plasma by a 
process analogous to that involved in the appearance of globulins in the plasma. 
Even if a low turnover rate of plasma esterase were assumed, the esterase content 
of the lymphocytes is so low that the rate of lymphocjdolysis required to account 
for the plasma esterase activity would be unreasonably large. This view is 
supported by preliminary results^ with methyl bis-jS-chlorethyl amine hydro- 
chloride. This agent has been shown to produce massive lymphocytolosis if. 
given intravenously. Yet, so far, no changes in the plasma esterase levels of 
dogs or of patients so treated have been observed. Present evidence does not 
rule out the possibility that Ijunphoid tissue may produce the enz 3 une and release 
it into the plasma without actual cell destruction. The very low relative esterase 
activity of cer^^cal lymph which has passed through a lymph node may be taken 
to argue against such an assumption. 

Several reports have pointed out that non-visceral lymph contains relatively 
less globulin than does plasma. Thus (8) the mean ratio of globulin to total 
protein in canine cervical lymph was found to be 82.5 per cent of that of the 
plasma in the same animals. In calves’ leg lymph electrophoretic study (9) 
showed an average ratio of a-globufin to total protein 76 per cent of that of the 
serum in the same animal (corresponding figures for |3-globufin, 95 per, cent; for 

The authors are indebted to Dr. Sidney Farber for making available the nitrogen 
mustard used in these exploratory studies' as well as the clinical material. These data were 
obtained on two dogs and on two patients. 
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7 -globuliii, 85 per cent) . The ratio E/TP in cervical lymph, however, is only 49 
per cent of this ratio in the blood plasma in normal dogs. Increased cholines- 
terase activity of blood plasma, brought about by liver injury (carbon tetra- 
chloride), is not accompanied by a significant increase of the esterase activity or 
the ratio E/TP in cervical lymph. If the bulk of the lymph proteins represents 
plasma proteins which have passed through the walls of the capillaries, then in 
the cervical region plasma esterase leaves the blood stream considerably less 
readily than any one of the electrophoretic components of the globulin complex, 
or than the total globulin fraction, as obtained by salting out procedures. The 
differences in the relative rates of penetoation of different proteins through the 
capillar}'^ walls, indicated by these results, are considerably larger than had been 
suspected previously. 

In contrast to cervical tymph or liver lymph, each of which comes from a single 
fairly uniform region, thoracic duct lymph is a mixture of lymph from a number of 
regions. According to Drinker (10) 95 per cent of thoracic duct lymph is derived 
from the liver and the small intestine. The above data regarding the composi- 
tion of mesenteric lymph would be compatible vdth tliis assumption if mesenteric 
lymph supplied the bulk of thoracic duct lymph. On the other hand, thoracic 
duct l 3 Tnph in two dogs, the mesenteric lymphatics of which had been cannulated, 
showed a normal flow rate, but very low esterase and total protein levels. These 
findings suggest that a considerable amount of thoracic duct lymph in apparently 
healthy animals can be derived from regions other than the liver and the small 
intestine. 


SUMMARY 

1. The cholinesterase activity and the total protein content of samples of 
blood plasma and of hepatic, cervical, thoracic duct, and mesenteric Ijrnph have 
been determined in dogs. 

2. In normal dogs liver l 3 Tnph contains about 90 per cent of the esterase 
activity of an equal volume of plasma and an identical ratio of esterase activity 
to total protein. These relations persist when plasma esterase has been elevated 
b 5 '’ treatment of the animals with carbon tetrachloride or reduced by the injection 
of concentrated albumin 'solutions. 

3. In relation to total protein, the esterase activity of cervical lymph is 49 per 
cent of that of plasma. The esterase thus appears to pass from plasma to Ijmph 
less readily than other globulin components of plasma, which appear in greater 
proportion in the lymph. 

4. Thoracic duct lymph and mesenteric lymph show a composition inter- 
mediate between cervical and liver lymph. In two dogs in which the mesenteric 
trunk Avas cannulated, l5mph AAuth veiy Ioav esterase and total protein content 
was obtained from the thoracic duct. 

5. Analyses of bmph nodes and of lymphocjdes derived from Ijmph nodes 
shoAved low esterase actmty. It appears unlikely that these tissues are inAmDed 
in the production of plasma esterase 
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Shay and his associates (1) have described a procedure for the production of 
perforating tj^ie lesions in the fore-stomach of the rat in a very short period of 
time. In its essentials this procedure involves fasting rats for 48 hours followed 
ligation of the pjdorus under light anesthesia. Gastric secretions collect in 
the stomach and extensive lesions of the rumen are observed Avithin 8 to 18 hours. 
For the past tAA'o years we haA’'e been employing this procedure as a means of 
assaying such anti-secretoiy extracts as “enterogastrone” and “urogastrone”. 
Recentty, Pauls, Wick and MacKay (2) reported on the satisfactory application 
of the Shay rat to the assay of urine extracts. On the other hand Morris, Gross- 
man and Ivy (3) haA'e reported that this method is of no value in the assay of the 
anti-ulcer properties of enterogastrone. 

The purpose of this communication is to present further information regarding 
the use of the Shay rat in the assay of so-called anti-ulcer substances and to 
attempt an explanation of the mechanism Avhereby the gastric lesions are sup- 
pressed by extracts of intestines and urine. 

jMethod. Rats AA'eighing 125-150 grams AA^ere fasted for 48 hours. At the 
end of this time they Avere lightly anesthetized with ether and through a short 
mid-line incision the p3dorus AA^as ligated. Ydien such factors as age and Aveight 
of the rats, length of fasting period and absence of excess surgical trauma AA^ere 
controlled, hemorrhagic lesions occurred in the fore-stomach of all rats A\ithin 
16 hours. In our hands a 16-hour assaj’’ period AA^as necessary in order to obtain 
severe ulceration in all animals. HoAA'ever, it must be stressed that others aaRo 
have reported their observations on the Shay rat have obtained consistent 
ulceration in as short a period of time as 8 hours. By means of check assays AA^e 
haA^e shoAATi that there Avere no qualitatiA'^e differences betAA'een our 16 hour assay 
and an 8 hour assaj* emploj’^ed bj'^ another laboratory, but as' a consequence of the 
longer assay period larger doses of substances to be assayed AA^ere required. 

Ydien a substance Avas to be assayed for its anti-ulcer actiAuty it AA'as ad- 
ministered parenteraily, usuallj’' intraperitonealljq at the time of operation. In 
order to grade the actmty of the anti-ulcer substances a system of scoring the 
seA'erity of ulceration Avas designed. Animals shoAA'ing the most seA’’ere ulcera- 
tion in the 16-hour assaj’^ period AA'ere scored 4-4. Decreasing!}’’ seA’cre ulceration 
AA'as scored -1-3, 4-2, 4~1) nnd finallj’ 0 for ’those animals completely free of anj’’ 
gi'oss appearance of gastric lesions. The aA’erage of the ulcer scores in anj’’ 
gi'oup of animals Avas multiplied bj’’ 100 to give the ulcer index. 

* A preliminary report of these data was presented at the meetings of the Federation of 
American Societies for Experimental Biology, Chicago 1947. 
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Results. Table 1 illustrates the constancj- of ulceration in a rather large 
series of rats. The mean ulcer index for all groups is 330 and it mil be seen that 
the deviation from the mean is relatively small. The total volume of gastric 
contents at the end of the 16-hour assay, total and free acid concentration and 
pepsin concentration as measured hy the Bucher hemoglobin method (4) are 
given also. As a consequence of sloughing tissue, hemorrhage and the establish- 
ment of a high intragastric pressure the volume and acid concentration at the end 
of the 16-hour assay does not give an accurate indication of gastric secretion at 
shorter time intervals ivhen the gastric lesions were being formed. 

The inMbition of ulceration by extracts of intestines and urine is shown in 
table 2. The acid extract of intestines was prepared by leaching fresh hog 
intestines (upper 6 ft.) with 0.4 per cent concentrated hydrochloric acid. The 
extract was filtered and lyophilized. Enterogastrone was prepared from fresh 

TABLE 1 


Ulcer index and gastric juice composition of Shay rats 16 hours after operation 


GROUP NO. 

NO. RATS 

ULCER INDEX 

VOLUME 

TOTAL ACID 

FREE ACID 

1 

PEPSIN 




ml. 

units/IOO cc. 

units/IOO cc. 

units/IOO cc. 

1 

10 

340 

11.8 

30 

12 


2 

7 

330 

1 10.1 

55 

45 


3 

5 

320 

! 11.2 

V /■ 

41 


4 

S 

380 

7.2 

46 

17 


5 

7 

270 

10.6 

I 

1 53 

4.36 

6 

12 

360 

7.9 

50 

41 

3.28 

7 

12 

300 

11.6 

66 

57 

5.31 

8 

12 

320 

8.4 

52 

44 

3.20 

9 

8 

330 

10.5 

64 

48 

3.48 

10 

10 

320 

9.7 

38 

25 

3.59 

11 

8 

380 

10.6 

50 

33 


Total 

99 






Average 

330 

10.0 

53 

38 

3.87 


hog intestines by the picric acid method of Greengard d al. (5). Urine extract 
(Wick) was prepared from fresh human male urine by the charcoal adsorption 
method of Wick el al. (6) and urogastrone by a procedure similar to that of 
Gray el al . (7). The extracts are hsted in order of increasing activity. We have 
made several crude acid extracts of hog intestines that have given the same 
general order of activity as the preparations illustrated here. However, many 
extracts of this type have shown little activity or a complete absence of acti\dty at 
the dosage levels presented here. This same variation in the activity of different 
preparations of enterogastrone has been observed in our laboratoiy. Another 
point to be stressed is the rather large dosage of some of the extracts required in 
order to obtain a significant depression in gastric ulceration. With the exception 
of urogastrone most preparations had to be administered in doses of 50 mgm. or 
more per rat in order to obtain definite lowering of the ulcer index. 
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Crude acid extracts of intestines, the salt cake employed in making entero- 
gastrone, and urogastrone have been administered ora% to rats under a variety 
of conditions. In no case was the orally administered material effective in re- 
ducing the ulcer index. 


TABLE 2 


Anti-ulcer activity of extracts of urine and intestines in the 16 hour assay 


i 

GROUP NO. 1 

TYPE PREPARATION i 

NO. RATS 

DOSE 

UtCER INDEX 

1 

Controls 

1 

99 

msm ./rat 

0 

330 

6 

Acid extract of ! 

17 

200 

71 


intestines 

11 

100 

145 

2 

i 

1 

6 

50 

270 

1 

3 

“Enterogastrone” 

11 

50 

184 

4 

Urine extract (Wick) 

10 

50 

158 

7 

“Urogastrone” j 

15 

50 

20 

5 

1 

9 

25 

130 


TABLE 3 

Inhibition of gastric secretion by extracts of urine and intestines in the 5 hour assay 


GROUP NO. 

TYPE PREPARATION 

NO. 

RATS 

DOSE 

VOLUitE 

TOTAL 

ACID 

TREE 

ACID 

PEPSIN 




mem./ral 

ml. 

units/lOO 

cc. 

untts/100 

cc. 

uniis/IOO 

cc. 

1 

Control 

23 

0 

6.3 

107 

101 

4.15 . 

6 

2 

Acid extract of 
intestines 

10 

10 

200 

50 

0.77 

2.68 

60 

91 

32 

82 

5.40 

4.18 

3 

‘ ‘Enterogastrone” 

10 

10 

100 

50 

0.95 

1.67 

48 

61 

28 

48 

7.90 

5.05 

, 4 

Urine extract (Wick) 

10 

50 

1.57 

43 

30 

4.50 

7 

5 

“Urogastrone” 

10 

10 

10 

50 

25 

5 

0.40 

0.90 

1.85 

7 

20 

71 

0 

3 

47 

1.92 

3.90 

4.50 


Since the analysis of gastric secretion at the end of the 16-hour assay period 
could not be used for an interpretation of the anti-secretory activity of the 
various extracts, we have utilized the Shay rat in a 5-hour gastric secretion assay. 
The rats were prepared as previously described. The substance to be tested was 
administered intraperitoneally at the time of operation and at the end of a 5-hour 
period they were killed and the entire stomach contents taken for analysis. 
Table 3 shows the results of this 5-hour assay. In this short period of time no 
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■evidence of ulceration was observed. It will be seen that with eacb of tbe ex- 
tracts that bad been previously shown to have anti-ulcer activity there was a 
reduction in the volume of gastric contents and the concentration of total and 
free acid. In one case only was there a significant reduction in the pepsin con- 
centration and this was uith the largest dose of urogastrone that was employed. 
Peculiarly enough, the intestinal extracts appeared to cause an elevation of the 
pepsin concentration. 

It was part of the purpose of this study to attempt a correlation between the 
anti-secretory and the anti-ulcer effects of these extracts. In figure IB the 
volume of gastric contents at the end of the 5-hour assay has been plotted 


A B 



Pig. lA. Relationships between concentration of HCl in gastric juice collected at the 
end of 5 hour assay periods and the ulcer index as measured in 16 hour assays. 

Fig. IB. Relationships between volume of gastric juice secreted during the 5 hour 
assay periods and ulcer index as measured in 16 hour assa 3 's. 

The numbers beside each of the points correspond to the group numbers as given in tables 
1 and 2. 

against anti-ulcer activity as determined in the 16-hour assay. For each point 
the same preparation at the same dosage level was employed for both anti- 
secretory and anti-ulcer determinations. It tvill be seen that in general the 
depression in gastric secretion parallels inhibition of ulceration. It would 
appear that an initial depression in secretion is manifested before inhibition of 
ulceration becomes evident. 

In figure lA the concentration of free acid in the 5-hour assay period is plotted 
against the ulcer index in the 16-hour assay. Again a general relationship seems 
to hold between inhibition of ulceration and secretion. 

Although a relationship is observed between inhibition of ulceration and 
both volume of gastric juice and concentration of acid in secreted gastric juice it 
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is most interesting to note that no such relationship was observed for pepsin 
concentration. On several occasions it has been observed that vdth excep- 
tionally potent dosages of an anti-ulcer substance which incidentally caused a 
very marked depression in volume secreted, there was some depression in pepsin 
concentration. It was observed that AAdth the higher doses of urogastrone, the 
pH of the gastric contents was neutral and the change in pepsin concentration 
could be due to irreversible inactivation of the pepsin present in the gastric 
juice. With smaller doses of the substances that caused a significant inhibition 
of ulceration no conclusive change in pepsin concentration was observed. 

Discussion. Shay and his collaborators (1) have suggested that the forma- 
tion of lesions in the rumen is due largely to the fact that this region of the stom- 
ach not normally exposed to digestive concentrations of acid and pepsin is unable 
under the condition of the experiment to cope vdth the secretions that come in 
contact with it. By means of a stomach tube we have introduced into the 
stomach of the Shay rat 4 cc. of an acid-pepsin mixture roughly corresponding 
in concentration to the natural gastric juice of the rat, but have not observed 
lesions after periods up to 5 hours. Of course this volume of liquid engorges the 
stomach to such an extent that all parts are in contact with the digestive 
mixture. On the other hand, if 8 or 10 cc. of the same artificial gastric juice is 
introduced in the stomach very severe ulceration may occur within an hour. 
Since the concentration of acid and pepsin is the same in the two cases it has been 
concluded that the reason for the severe ulceration in the second case is the 
suddenly developed high intragastric pressure. This large volume causes a 
marked distention of the stomach and possibly acts by increasing the penetration 
of the artificial gastric juice into the mucosal tissue or causes localized ischemia 
by occlusion of the vascular bed. The importance of intragastric pressure 
should not be minimized in formulating any hypothesis of the mechanism 
whereby gastric lesions appear in the Shay rat. 

When ulceration is inhibited by extracts of intestines or urine there is a de- 
crease in the volume of gastric juice as well as a decrease in the concentration of 
acid in the secretions. A rough parallelism exists between the degree of ulcer 
inhibition and the depression in volume of acid concentration. Therefore, it 
would appear that in the Shay rat inhibition of gastric lesions by these extracts 
can be accounted for solely on the basis of their anti-secretory properties. 

SUMMA.BY 

The Shay rat is of value in the assay of the anti-secretory properties of paren- 
terally administered extracts of urine and intestines. By this procedure several 
different extracts have been assayed and their general order of activity appeared 
to agree Avith results obtained by other procedures that haA^e been quoted in 
the literature. None of these preparations AA'as active AA^hen given orally. 
It has been concluded that these extracts inhibit ulceration in the Shay rat 
by decreasing the A’^olume of gastric seci'etion and the concentration of acid. 
They do not seem to haA’^e a specific effect upon pepsin secretion. No eAddence 
has been found that an anti-ulcer actmtA’’ other than that of secretory inhibition 
plaj's a part in the preA^ention of ulcers in this preparation. 
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That the secretion of the th 3 a'oid gland affects the response of the vaginal 
mucosa of the castrate rat to estrogens was fost suggested by Reiss and Pereny 
(1928). Thej^ reported that the thjToid hormone was an antagonist of the 
ovarian hormone as evidenced bj”- the fact that subcutaneous injections of 
thjToid autocoid not only prevented heat in normal female rats and mice but 
also inhibited the action of the ovarian hormone in castrate animals. 

Their observations were confirmed by Van Horn (1933). He fed desiccated 
thjToid powder to ovariectomized rats and observed their lesponse to estrone b}'" 
observing the cellular composition of vaginal smears. He found that approxi- 
matel}’' three times as much estrogen was required to produce positive estrous 
smears as was necessar}'' before thyroid feeling. 

Halpern and Hendryson (1935) reported that dinitrophenol, though producing 
an increased metabolic rate, did not completelj’' inhibit estrus in the normal rat. 
The diestrual phase of the estrous cycle was lengthened considerably, however. 

Meyer and Wertz (1938) used desiccated thyroid pow^der, thyoid globulin and 
dl-thyoxin and found that treatment with these materials at moderate doses for 
three days did not interfere markedly with the action of estrone; however, treat- 
ment for more than five da 3 ’'s increased the estrone threshold. 

Observations of the effects of hj'pothyroidism on the response of ovariec- 
tomized rats to estrogens are rather limited. Muller (1938) reported that 
thyi'oidectomy was without effect on the response of castrates to estradiol 
benzoate. This result seems to be contrary to what one would expect. Hypo- 
thyoidism might be expected to have an opposite effect to hyperthyoidism. 

Richter (1933), on the other hand, reported that vaginal smears taken on 
thyoidectomized animals with intact ovaries showed a persistence of cornified 
cells in the vaginal smears at all times as if there was a tendency toward a pro- 
longed estrual phase. At autopsy, the animals also showed hypertrophied uteri. 

The lack of quantitative data in the foregoing investigations seems to justify a 
detailed stud 3 ’‘ of the effects of both hyper- and hj'pothyoidism on the response 
of spa 3 ’’ed rats to estrone. 

Methods and results. Effects of daily doses of dl-ihyroxin^. A series of 
experiments was conducted to study the effects of both size and duration of 
thj’TOxin dosage on the response of ovariectomized rats to estrone. 

^ This paper is part of a thesis submitted to the University of Colorado by W. Langham 
in partial fulfillment for the requirements of the Ph.D. degree. 

-Present addresses, U. of Calif. Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico and U. of Nebraska, Lincoln, Nebr. respective!}'". 

s The dl-thyroxin used in these experiments was a synthetic crystalline product pur- 
chased from Hoffman-La Boche, Inc., Nutley, New Jersey. 
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Two hundred castivate rats were used for the experiments. The colony was 
maintained on a balanced composite diet and their average weight was about 
225 grams. The entire colony was injected with 1.5 Mg- of estrone. The 
animals were then di\dded into 4 groups of fifty animals each. The groups were 
selected to give approximately equal responses to the estrone dosage. 

One group served as the control and received no thjToxin prior to injection of 
estrogen. The other three groups received different doses of th 3 ’T 0 xin dailj’’ over 
various periods of time. On the last day of each period of thjwoxin dosage 1 .5 Mg- 
of estrone in 0.5 cc. of olive oil was administered b.y subcutaneous injection. 
Forty-eight hours later, corresponding to the time of maximum thju'oxin effect 
(Mej^er and Wertz, 1939), the response to estrone was determined bj’' the method 
of “vaginal smears” (Allen and Doisj’’, 1923). 

The effect of doses of 1, 2 and 3 Mg- of thjToxin per gram of body weight on the 
estrous response of ovariectomized rats was studied when the above doses were 
administered dail}’’ for periods of 3, 6, and 10 da 3 "s. According to Me 3 ’’cr and 
Wertz (1939), doses of 1, 2, and 3 Mg- of th 3 U-oxin per gram of body weight 
administered daib’’ for throe da 3 's to normal rats produced an increase in ox 3 'gen 
consumption of 13, 20 and 25 to 40 per cent respectivety. The th 3 Toxin doses 
administered in these experiments were based on the initial bod 3 ' weight of the 
individual animals at the time each series of injections was begun. No change 
in the dosage was made to correct for weight loss occurring during a scries of 
injections. The th 3 T.-oxin was dissolved in 0.01 normal sodium hydroxide and 
injected subcutaneousI 3 ^ 

Between successive periods of injection the animals were allowed to recover 
their lost weight. The recover 3 ’' of their initial bod 3 ’’ weight was used as an 
indication of recover 3 ' from th 3 Toxin effect and marked the beginning of the 
next series of injections. This proved, however, to be a poor indicator and 
evidence of cumulative effects of successive doses occurred in the results. ' ' 

A detailed analysis of the effects of size and duration of th3a'Oxin dosage on the 
weight of these animals is given by plotting percentage loss in body weight 
against dosage of thyi-oxin in Mg- (fig. la) and against days of dosage (fig; lb). 
These graphs show that Aveight change Avas a logarithmic function of both size 
and duration of dosage Avith th3’Toxin. The failure of the points representing, 
the 2 and 3 Mg- doses (fig. lb) to fall on the uniform cur\’-es is probably indication 
of a cumulative effect as a result of failure to alloAV a sufficientty long recoA'-er3'' 
period betAA^een series of injections. The points of the curA'-e representing the 
1 Mg- dose are in better agi-eement. Animals that received daily doses of 1, 2 
and 3Mg- of thyi’oxin per gram body AA^eight for ten consecutwe da3^s lost 6.8, 
8.4 and 8.8 per cent of their original body Aveight respectively. As a result of- a 
six day period of injection of the above doses the I’espectiA’^e AA^eight losses AA''ere 
5.9, 7.8 and 8.3 per cent of the original weight. Wlien the dosage period was 
three days, the AA^eight losses AA^ere 3.4, 5.0 and 5.1 per cent respectively. 

The data shoAAdng the effect of size and duration of th3rroxin dosage on the 
response of ovariectomized rats to 1.5 Mg- of estrone are expressed graphically 
(fig. 2) by plotting dosage of dl-thyroxin in Mg- against per cent of animals giving 
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an estrous response. Reasonably uniform logaritlunic curves were obtained for 
each period of dosage. The curves obtained when days of dosage are plotted 
against per cent response are not uniformly logarithmic (fig. 3) . This is probably 
a result of failure to allow a sufficiently long recovery period between periods of 
injection. The groups of animals that received daily doses of 1, 2 and 3 ng. of 
thyroxin per gram body weight for ten consecutive days were respectively 30, 16 
and 12 per cent as responsive to 1.5 gg of estrone as was the control group. As a 
result of a six day period of injection of the above doses of thyroxin the observed 
estrous responses were respectively 47, 38 and 31 per cent of that of the controls. 
When the dosage period was thi-ee days the animals in each dosage group were 
respectively 77, 71 and 68 per cent as sensitive as the controls. 

Meyer and Wertz (1939) in their study of the calorigenic efficiency of thyroid 
material found that in both normal and thyroidectomized rats the influence of 
thyroxin adminstration on oxygen consumption was a logarithmic function of 
the dosage. When the foregoing results are considered in connection with their 
report, it seems reasonably well established that both weight loss and decrease in 
sensitivity of ovariectomized rats to estrone as a result of thyroxin dosage are 
directly proportional to the basal metabohc rate. These conclusions are in 
accord with the hypothesis of Van Horn (1933) that the decrease in sensitivity of 
hyperthyroid rats to estrone is probably a result of the effects of the increased 
metabolism on the rate of deactivation and elimination of estrogen. 

Some indication of the duration of thjToxin effect was obtained by testing the 
sensitivity of each group of rats to 1.5 p.g. of estrone at 14 and 28 days after the 
10-day period of thyroxin injection. These results are shown in table 1. It can 
be seen from these data that the sensitivity of each gi’oup was significantly below 
that of the control group after 14 days of recovery; after 28 days their response 
was essentially the same as the controls. 

Effect of thyroparathyroidectomy. One hundred and ten Yale strain rats were 
ovariectomized when about 60 days of age. Four weeks later they were injected 
with 1.3 pg. of estrone and divided into two groups giving approximately equal 
response to the estrone dosage. One group was thyropara.thjToidectomized 
immediately. The other group was kept as a control. 

No attempt was made to avoid removing the parathyroids during the thjToid 
operation. Forty-eight hours after operation over 60 per cent of the animals 
showed -signs of parathyroid deficiency. Those showing severe symptoms were 
injected immediately with calcium gluconate. The regular diet was then 
supplemented dail3^ with fresh skim milk to which was added a quantity of 
calcium lactate. The controls were treated likewise. This treatment was 
carried on throughout the experiment. No more symptoms of parath5Toid 
tetan3'^ were observed. 

At the end of the experiment the animals were autopsied and the tracheal 
region examined for the presence of th3Toid tissue. Five of the fift3^-five animals 
showed incomplete th3Toidectom3’-; these Avere eliminated from the final results. 

Beginning 10 days after th3Toparath3noidectomy the response of each group 
to a subcutaneous injection of 1.3 iig. of estrone in olive oil solution was deter- 



Kifoxit 


THYROID ACTIVITY AND RESPONSE TO ESTRONE 


763 


mined at intervals. During the fifth interval the thyroidectomized 

colony received three dailj’' injections of 0.1 fig. of thyroxin per gram of bodj’’ 
weight, the last thyroxin administration coming on the same day as the estrone 
injection. The response to estrone was determined 48 hours after injection in 
the usual way. The data collected arc presented graphically in figure 4. 

These results show that thjToparathyroidectomy produces an appreciable 
increase in the sensitivity of ovariectomized rats to estrone. Tlie maximum 



Fig. 1. Relation of thyroxin administration to weight loss by ovariectomized rats. la. 
Per cent weight loss versus size of dose. lb. Per cent weight loss versus days of dosage. 

Fig. 2. Effect of size of thyroxin dosage on response of ovariectomized rats to 1.5 fig. of 
estrone. 

Fig. 3. Effect of days of thyroxin dosage on response of ovariectomized rats to 1.5 fig. of 
estrone. 

Fig. 4. Effect of thyroparathyroidectomy on response of ovariectomized rats to 1.3 /jg. of 
estrone. 

effect was produced about 38 days after operation. Thirty-eight days after 
operation the thswoparathyroidectomized group was 76 per cent more sensitive 
to 1.3 ffg. of estrone than was the control group. That the increase in sensitivity 
to estrogen was, at least in part, due to the hypothyroid condition of the animals 
was shown by the fact that daily administration of 0.1 fig. of thyroxin per gram 
of body weight for 3 days resulted in a decrease in sensitivity to onty 41 per cent 
above the controls. The choice of thyroxin dosage was based on the report of 
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Meyer and Wertz (1939) that thyroidectoroized rats -were 25 to 30 times more 
sensitive to thyi’oxin than normal rats. Although the above dosage did not 
completely lower the response to normal it produced a significant effect. 

The increase in sensitivity of ovariectomized rats to estrone as a result of 
thyroidectomy is in keeping -with Van Horn’s (1933) hypothesis that the level of 
metabohsm affects the rate of elimination of estrogens from the body, therebj'’ 
affecting response to estrogen administration. 

Effect of thiourea. An obvious -way of studying the effect of hypothjToidism 
on response of ovariectomized rats to estrone is to inhibit the thyroid Avith some 
of the goitrogenic agents studied by MacKenzie and MacKenzie (1943) and 
AstAVood et al. (1943). 

Virgin female rats AAnre spayed at 50 to 60 daj'-s of age. Fifteen days after 
operation they AA^ere injected AAnth 1.3 fig. of estrone and divided into four groups 
of 45 animals each. The four groups AA^ere chosen to giA'^e approximately equal 
response to the estrone injection. 


TABLE 1 


The recovery of sensitivity to 1.5 ng. of estrone after 10-day injection period with various doses 

of thyroxin 


DOSE THYROXIK >(g./Sni. 
BODY WT. 

BAVS MCOVERV AND % RESPONSE 

0 

u 

28 

0 

66 

68 

66 

1 

20 

52 

68 

2 

10 

38 

74 

3 

8 

34 

70 ; 


One group Avas kept as a control Avhile the others received 0.05, 0.1 and 0.3 
per cent of thiourea respectively in the drinking AA^ater. 

During the first 24 hours 15 of the 135 animals (11 per cent) recemng the 
thiourea died. EleA'^en of the 15 AA^ere in the group receiving the loAA'est dosage 
(0.05 per cent). Autopsy revealed that the lungs Avere covered -with hemor- 
rhagic areas and that the chest cavity Avas almost completely filled lAuth a clear 
fluid. 

Throughout the experimental period records AA’-ere kept of the Aveights of the 
animals in each group. These data are presented graphically in figure 5. The 
toxicity of the initial dose of thiourea -was eAudenced by marked loss in AA'eight 
during the fii’st 24 hours. 

Beginning 12 days after the start of thiourea treatment the response of each 
group to 1.3 fig. of estrone AA^as determined at approximately fourteen-day inter- 
vals until 4 determinations Avere made. 

The data showing the effects of the various doses of thiourea on the response 
of ovariectomized rats to estrone are presented in figure 6 by plotting the per- 
centage of animals giAung an estrus response versus days of thiourea dosage. 
These results were rather surprising in that a significant decrease in sensitivity 
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occurred at first, after which the sensitivity began to increase. After 12 days of 
thiourea treatment those animals that received 0.05 and 0.1 per cent thiourea 
gave a response to 1.3 ;ig. of estrone which was only 46 per cent of that of the 
normals. After 42 days of treatment the groups receiving 0.05 and 0.1 per cent 
thiourea attained a degree of sensitivitj'’ approaching that of surgically thy- 
roideetomized animals. The immediate decrease in sensitivity to estrone may 
have been a manifestation of the toxic sjTnptoras of the initial dose of thiourea. 
After the initial toxic symptoms were overcome the effects of hypothjToidism 
maj^ have become predominant resulting in the expected increase in sensitivity. 



Fig. 5. Effect of thiourea ou weight gain of ovariectomized rats. 

Fig. 6. Effect of thiourea on response of ovariectomized rats to 1.3 peg. of estrone. 

Fig. 7. Dosage response curves of ovariectomized rats to estrone at three different levels 
of thyroid function. 

The extreme toxic nature of thiourea may also explain why the group of nnimal p 
receiving 0.3 per cent thiourea remained somewhat less sensitive to estrogen than 
did the other two groups. 

To make certain that inlubition of the thyroid gland had resulted from the 
thiourea treatment 6 animals from each group were killed at the end of the 
experiment and the fresh weights of the thyroids determined. The data are 
given in table 2. These data show that extreme hyperplasia of the thyroid had 
occurred. In addition to being greatly enlarged, the thyroid glands in the 
treated rats were strikingly hyperemic.- 

Effect of level of thyroid ffmetion on the rat unit of estrone. In the previous 
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experiments the Avork Avas so arranged that an additional injection provided data 
from Avhich the rat unit of estrone could be determined on groups of' rats at 
three different levels of th 3 ’Toid fimction. The unit Avas determined on the 
thyroparathyroidectomized colony, a control colony and a group that had 
received 2 ng. of thyroxin per gram of body AA^eight for 6 days prior to each 
estrone injection. The dosage response curve for each colony is given in figure 7. 

These results show that the level of thyroid function significantly affects the 
rat unit of estrone For the normal castrate colonj’^ the rat unit was 1.33 ng. as 
compared to 2.5 for the hyperthyuoid group and 0.86 for the thyroparathy- 
roidectomized colony. 

TABLE 2 


Effect of thiourea on fresh weight of the thyroid gland of ovariectomized rats 


DOSAGE GEODP 

AV. EAT WT.* GU. 

AV. GLAND WT* MG. 

AV. Gi^ND wr.*2rGir./I00 gm. 
BODY WT. 

Control 

255 

11.5 

4.5 

0.05% 

228 

21.8. 

9.5 

0.1% j 

195 

21.7 

11.1 

0.3% 1 

168 1 

23.6 

14.0 


* Av. of 6 animals. 


SUMMARY 

The daily administration of dl-thyroxin by subcutaneous injection at dosage 
levels of 1, 2 and 3 yg. per gram of body weight for 3, 6 and 10 days decreased the 
estrus response of ovariectomized rats to 1.6 yg. of estrone as determined by the 
method of vaginal smears. Both the weight loss and the decrease in sensitmty 
to estrone appeared to be logarithmic functions of the thyroxin dosage . Twenty- 
eight days after a 10-day period of thyroxin dosage the response to estrone had 
returned to normal. 

ThyToparathyroidectomy resulted in an increase in estrus response of ovariec- 
tomized rats to 1.3 jug. of estrone. The response of a group of 50 operated ani- 
mals was 76 per cent above that of the controls 38 finj^s after operation. The 
increased sensitmty was partially corrected by three daily injections of 0.1 yg. of 
thyroxin per gram of body weight. . 

The daily administration of thiourea at levels of 0.05, 0.1 and 0.3 per cent in 
the drinking water of ovariectomized rats over a period of 70 days inhibited 
groAvdh and produced marked hyperemia and enlargement of the thyroid gland. 
The estrus response of spayed rats to 1.3 yg. of estrone Avas first reduced and then 
increased as dosage Avith thiourea continued. After 42 days of dosage the re- 
sponse to estrone approached that of surgically th3a’oparathyToidectomized rats. 

The rat unit of estrone was determined at three different ley^els of thyroid 
function. The unit as' determined on a normal ovariectomized colony Avas 1.33 
yg. On a thjuoparathjuoidectomized colony it Avas 0.86 yg., and AvFen deter- 
mined on a colonj’' rendered hj’psrthyroid bj’’ 6 dailj'' injections of 2 yg. of thy- 
roxin per gram of bodj*^ AA'eight the unit was 2.50 yg. 









THYROID ACTIVITY AND RESPONSE TO ESTRONE 


767 


REFERENCES 

Allen, E. and E. A. Doisy. J. A. M. A. 81; 819, 1923. 

Astwood, E. B., J. Sullivan, A. Bissell and R. Tyslowitz. Endocrinology 32:210, 1943 . 
Halpern, S. R. and I. E. Hendryson. Proc. Soc. Exper. Biol, and Med. 33: 263, 1935 . 
Mackenzie, C. G. and J. B. Mackenzie. Endocrinology 32: 185, 1943. 

Meyer, A. E. and A. Wertz. Proc. Soc. Exper. Biol, and Med. 38: 833, 1938. 

Endocrinology 24; 683, 1939. 

Muller, C. Endokrinol. 20: 8, 1938. 

Reiss, M. and S. Pereny. Endokrinol. 2: 181, 1928. 

Richter, C. P. Endocrinology 17:73, 1933. 

Van Horn, W. M, Endocrinology 17: 152, 1933. 







INDEX 


A BSORPTION of chloride from small in- 
tesline, carotid sinus and, 149. 

of saline, intestinal, blood pressure 

and, 460. 

Acclimatization to extreme cold, 99. 

Acetylcholine in determination of circula- 
tion time, SOI. 

Action potentials in DCA treated rats, 451. 

Adams, A. D., Jr. See Bruotcii, McWid- 
LiAMS, Mason, Adams and Ersuoff, 
551. 


Adrenal cortex after hj'pophysial stalk ex- 
tirpation, 222. 

extract, effect of, on blood glucose 

level, 423. 

^ j on liver and kid- 
ney, 580. 

response to total body x-radiation, 480. 

Adrenalin, action of, on spinal neurones, 37. 

, central hyperglycemic action of, 588. 

, effect of, on blood sugar and hypoxia, 

321. 


injection, effect of, on blood flow, 181. 

Adrenocorticotropic hormone, effect of, on 
urinary glucose and nitrogen in diabe- 
tes, 400. 

Adbanese, a. a., V. Irby, J. E. Frankston 
and M, Lein. The effe(rt-''of carbohy- 
drate feeding on the output of urinary- 
amino acid, 389. 

Adexander, I. E. See Siegel, Alexlinder 
and Stuckey, 729. 

Alexander, B. S. and E. A. Webb. An 
analysis of changes in the contour of 
the femoral arterial pulse during hemor- 
rhagic shock, 272. 

Allantoin, blood uric acid and, after ne- 
phrectomy and hepatectomy, 677. 

Alloxan, effect of, on muscle glycolysis, 613. 

Altitude, effect of oxygen, exercise and, on 
breath-holding time, 142. 

Alveolar air during simulated flights to high 
altitudes, 202. 

Amino acid, urinary, effect of carbohydrate 
feeding on output of, 389. 

Amino acids, blood, effect of insulin on, 682. 

Annbgers, J. H. and a. C. Ivy. The effect 
of dietary fat upon gastric evacuation 
in normal subjects, 461. 

Anoxia, acute, effect of, on pulmonary 
artery pressure, 315. 


, anoxemic, effects of, on heart muscle, 

493. 

discontinuous chronic, effect of, on 

liver gli'cegen stores, 65. 

— - from exposure to low barometric pres- 
sure, 1. 

Ar.ana, R. See Leimdorfer, Arana and 
Hack, 5SS. 

Arterial pulse, femoral, in hemorrhagic 
shock, 272. 

Arteries of cat, streamline blood flow in, 52. 

Artery pressure, pulmonary, effect of acute 
anoxia on, 315. 

jgALDWIN, J. See CouRN-um, Motley, 
Himmelstein, Dresdale and Bald- 
en, 207. 

Ball, Z. B., R. H. Barnes and M. B. Vis- 
sciiER. The effects of dietary caloric 
restriction on maturity and senescence, 
with particular reference to fertility and 
longe-vity, 511. 

Barbiturates, effect of, on fatigue produced 
by jirolonged wakefulness, 253. 

Barnes, R. H. See Ball, Barnes and 
VlSSCHER, 511. 

. See Risley, Raymond and Barnes, 

754. 

Bennett, L. L. and C. H. Li. The effects of 
the pituitary growth and adrenocortico- 
tropic hormones on the urinary glucose 
and nitrogen of diabetic rats, 400. 

Bile, recovery of intravenously injected 
BSP from, 299. 

Bioassay of steroid hormones, 444. 

Bischofp, F. and H. R. Pilhorn. Bioassay 
of steroid hormones using aqueous so- 
dium lauryl sulfate solution as the dis- 
persing agent, 444. 

Blood,-acetylcholine in determination of cir- 
culation time, 504. 

amino acids, effect of insulin on, 682. 

, bone-marrow, O 2 in, and erythro- 

poiesis, 618. 

borne vasotropic substances in 

shock, 239. 

coagulation factor, fibrinogen and, in 

stored plasma, 405. 

, factors in, 409. 

flow and acti-vity, temperature, in 

skeletal muscle, 705. 


769 



770 


INDEX 


Blood flow and blood content of skin, 122. 

, effect of adrenalin injection on, 

181. 

in arteries of catj 52. 

, peripheral, control of, 304. 

glucose level, effect of adrenal cortex 

extract on, 423. 

, oxygen content of, at low barometric 

pressures, 1. 

plasma, esterase activity of, 746. 

protein, physiological effects of, 

471. 

, recovery of a pressor principle 

from, 353. 

, specific gravity of, in water priva- 
tion, 729. 

, stored, fibrinogen and coagula- 
tion factor in, 405. 

volume and thiocyanate space in 

famine edema, 170. 

pressure and intestinal absorption of 

saline, 466. 

flow studies on renal circulation, 

534. 

, pulmonary artery, 315. 

tracings from left auricle and pul- 
monary veins, 267. 

, renal venous, renin content of, 198. 

sugar and hypoxia, effect of adrenalin 

on, 321. 

, body temperature and, in the 

chicken, 67. 

levels after ingestion of sucrose, 

263. 

uric acid and allantoin after nephrec- 
tomy and hepatectomy, 677. 

volume, effect of temperature and 

posture on, 628. 

Bonn, J. R. R. and H. D. Green. Effect of 
heparin on ischemic compression shock, 
697. 

. Role of the kidney in re- 
sistance to ischemic compression shock, 
700. 

Bodnar, S. R. See Guest, Murphy, Bod- 
nar, Ware and Seegers, 471. 

Body temperature and blood sugar in the 
chicken, 67 

Bone marrow blood, 0- in, and erythro- 
poiesis, 618. 

Borison, H. L. See Wang and Borison, 
712, 722. 

Boron, effects of adding, to potassium- 
deficient diet, 520. 


Brain in convulsions, changes in, 27. 

Braueb, R. W. and E. Hardenbergh. 
Distribution of esterase in lymph from 
from various regions and in relation to 
lymphoid tissue, 746. 

Breath-holding time, 142. 

Breckenridge, C. G. See Keller and 
Breckenridge, 222. 

Britton, S. W., V. A. Pertzoff, C. R. 
French and R. P. Kline. Circulatory 
and cerebral changes and protective 
aids during exposure to acceleratory 
forces, 7. 

Bromsulphalein, intravenously injected, re- 
moval of, by liver, 299. 

Brunish, V. H., H. B. McWilliams, G. D. 
Mason, A. D. Adams, Jr. and B. H. 
Ershoff. Effects of vitamin imbal- 
ance under conditions of ad libitum 
feeding and reduced caloric intake, 551. 

Bucher, G. R. and A. C. Ivy. Disappear- 
ance of uropepsin from the urine of 
gastrectomized cats, 415. 

Burn shock, efficacy of infusion fluids in, 
428. 

Byeb, J. See Harpuder, Byer and Stein, 
181. 

Byers, S. O., M. Friedxl^ln and M. M. Gar- 
field. The blood uric acid and allan- 
toin of the rat after nephrectomy and 
hepatectomy, 677. 


^ALORIC intake, reduced, vitamin im- 
balance in, 551. 

restriction, effects of, on fertility and 

longevity, 511. 

Carbohydrate feeding, effect of, on output 
of urinary amino acid, 389. 

Cardiac. See Heart. 

Cardiovascular reflex mechanism, carotid 
sinus, 712, 722. 

Carotid-mandibular reflex in gasping, 358. 

Carotid sinus and absorption of chloride 
from small intestine, 149. 

cardiovascular reflex mechanism 

712, 722. 

Cerebral changes, circulatory and, from ac- 
celeratory forces, 7. 

Chambers, R. and B. W. Zweifach. 
Blood-borne vasotropic substances in 
experimental shock, 239. 

Chloride, absorption of, from small intes- 
tine, carotid sinus and, 149. 



INDEX 


771 


Christensen, W. R. See Ferris, For- 
ster, Pillion and Christensen, 304. 

Circulation, renal, pressure flow studies 
on, 534. 

time, acetylcholine in determination 

of, 504. , 

Circulatory and cerebral changes from ac- 
celeratory forces, 7. 

Cisneros, F. See Wilburne, Schlichter, 
Grossman and Cisneros, 504. 

Cohn, C., R. Levine and D. Streicher. 
The rate of removal of intravenously 
injected bromsulphaloin by the liver 
and extra-hepatic tissues of the dog, 290. 

Cold, extreme, acclimatization to, 99. 

CoLFER, H. F. and H. E. Essex. The dis- 
tribution of total electrolyte, potassium 
and sodium in the cerebral cortex in re- 
lation to experimental convulsions, 27. 

Convulsions, changes in brain in, 27. 

Corey, E. L. An experimental study of ex- 
plosive decompression injury, 607. 

Cournanb, a., H. L. Motlbv', A. I^immel- 
stein, D. Dresdale and J. Balortn. 
Recording of blood pressure from the 
left auricle and the pulmonary veins in 
human subjects with interauricular sep- 
tal defect, 267. 

. See Motley, Coernand, Werko, 

Himmblstein and Dresdale, 315. 

J])ANLEY, Iv. S. See Shipley and Dan- 
ley, 84. 

DCA treated rats, action potentials in, 451. 

Decompression injury, explosive, 607. 

• sickness on re-ascent to high altitudes, 

133. 

Dempster, W. T. and J. C. Finerty. Rela- 
tive activity of wrist moving muscles in 
static support of the wrist joint; an elec- 
tromyographic study, 596. 

Denison, A. B. See Litton, Denison and 
Green, 693. 

Denslow,' j. S., I. M. Korr and A. D. 
Krbms. Quantitative studies of 
chronic facilitation in human motoneu- 
ron pools, 229. 

Depancreatized herbivora, action of insulin 
in, 46. 

Dexter, L. See Haynes and Dexter, 190. 
. See Haynes, Dexter and Seibel, 
198. 

Diabetes, effect of hormones on urinary glu- 
cose and nitrogen in, 400. 


, pituitary and ovarian disfynction in, 

84. 

Dietary fat, effect of, on gastric evacuation, 
461. 

Donhoffer, S. and J. Vonotzky. The 
effect of environmental temperature on 
food selection, 329. 

, The effect of thyroxine on 

food intake and selection, 334. 

Dresdale, D. See Courn and. Motley, 
Himmelstein, Dresdale and Bald- 
win, 267. 

. See IMotley, Cournand, Werko, 

Himmelstein and Dresdale, 3i5. 

^DEMA, famine, plasma volume and thio- 
cyanate space in, 170. 

Electrolyte, Na and K changes in brain in 
convulsions, 27. 

Electromyographic studies on sciatic nerve, 
558. 

• Elliott, H. W. Sec Ralston, Taylor and 
Elliott, 52. 

Endocrine glands, urogastrone excretion 
after extirpation of, 373. 

Energy-rich pliosphate supply of failing 
heart, 733. 

Ershoff, B. H. See Brunish, hlcWiL- 
LiAMS, Mason, Adajis and Ershoff, 
551. 

Erythropoicsis, Os in bone marrow blood 
and, 618. 

Essex, H. E. See Golfer and Essex, 27. 

Esterase activity of blood plasma of dog, 
746. 

Estrone, response to, after ovariectomy, 
thyroid activity and, 760. 

Exercise, effect of oxygen, altitude and, on 
breath-holding time, 142. 

Explosive decompression injury, 607. 

Eye changes from fluid injection into vitre- 
ous humor, 568. 

Eyster, j. a. E. and W. E. Gilson. Elec- 
trical characteristics of injuries to heart 
muscle, 572. 

Pacilitation in man, 229. 

Fat, dietary, effect of, on gastric evacua- 
tion, 461. 

Fatigue of standing, 109. 

produced by prolonged wakefulness, 

253, 

Femoral arterial pulse in hemorrhagic 
shock, 272. 



772 


INDEX 


Perris, B. G., Jr., E. E. Forster, II, E. L. 
Pillion and W. R. Christensen. 
Control of peripheral blood flow: re- 
sponses in the human hand when 
extremities are warmed, 304. 

Fibrinogen and coagulation factor in stored 
plasma, 405. 

Fibrinolysin, anti-, in chick plasma, 661. 

Finertt, J. C. See Dempster and Fin- 
erty, 596. 

Fizzell, J. a. See Golseth and Fizzell, 
558. 

Follis, R. H., Jr. The effect of adding 
boron to a potassium-deficient diet in 
the rat, 520. 

Food intake and selection, effect of thy- 
roxine on, 334. 

selection, effect of environmental tem- 
perature on, 329. 

Forster, R. E., II. See Ferris, Forster, 
Pillion and Christensen, 304. 

Forster, R. P. An examination of some 
factors which alter glomerular activity 
in the rabbit kidney, 523. 

and J. P. Maes. Effect of experimen- 
tal neurogenic hypertension on renal 
blood flow and glomerular filtration 
rates in intact denervated kidneys of 
unanesthetized rabbits with adrenal 
glands demedullated, 534. 

Fr.vnkston, j. E. See Albanese, Irby, 
Frankston and Lein, 389. 

Freedman, A. See Horvath, Freedman 
and Golden, 99. 

French, C. R. See Britton, Pertzoff, 
French and Kline, 7. 

Friedman, C. L. See Friedman, Polley 
and Friedman, 340. 

Friedman, M. See Byers, Friedman and 
Garfield, 677. 

Friedman, S. M., J. R. Polley and C. L. 
Friedjian. The clearance of inulin and 
sodium p-aminohippurate in the rat, 
340. 

Fuhrman, F. a. See Turner and Fuhr- 
MAN, 325. 

(JARFIELD, M. M. See Byers, Fried- 
man and Garfield, 677. 

Gastrectomy, loss of uropepsin from urine 
after, 415. 

Gastric evacuation, effect of dietary fat on, 
461. 


lesions, suppression of, by anti-ulcer 

substances, 754. 

Gemmill, C. L. The effect of alloxan on 
muscle glycolysis, 613. 

Genital structure and function, effect of 
hyperthyroidism on, 95. 

Gerard, R. W. See Tschirgi and Gerard, 
358. 

Gilson, W. E. See Eyster and Gilson, 
572. 

Glucose level of blood, effect of adrenal 
cortex extract on, 423. 

Glycogen stores, liver, effect of discontinu- 
ous chronic anoxia on, 65. 

Glycolysis, muscle, effect of alloxan on, 613. 

Golden, H. See Horvath, Freedman and 
Golden, 99. 

Golseth, J. G. and J. A. Fizzell. Electro- 
myographic studies on cats after section 
and suture of the sciatic nerve, 558. 

Grant, W. C. and W. S. Root. The rela- 
tion of O 2 in bone marrow blood to post- 
hemorrhagic erythropoiesis, 618. 

Greeley, P. 0. The action of insulin as 
indicated b}' depancreatized herbivora, 
46. 

Green, H. D. See Bobb and Green, 697, 
700. 

. See Lipton, Denison and Green, 

693. 

Grossman, M. See Mack, GROssMAN^and 
ICatz, 654. 

. See WiLBURNE, Schlichter, Gross- 

man and Cisneros, 504. 

Guest, M. M., R. C. Murphy, S. R. Bod- 
nar, A. G. Ware and W. H. Seegers. 
Physiological effects of a plasma pro- 
tein: blood pressure, leucocyte concen- 
tration, smooth and cardiac muscle 
activity, 471. 

, A. G. Ware and W. H. Seegers. A 

quantitative study of antifibrinolysin in 
chick plasma: increase in antifibrinoly- 
sin activity during pteroylglutamic acid 
deficiency, 661. 

. See Ware, Guest and Seegers, 

58. 

Gustavson, R. G. See Langham and Gus- 
TAVSON, 760. 

Guyton, A. C. Analysis of respiratory pat- 
terns in laboratorj^ animals, 78. 

. Measurement of the respiratory vol- 
umes of laboratory animals, 70. 



INDEX 


773 


Hack, AI. H. see Lelmporfkr, Arana 
and Hack, 58S. 

Halm, J. and, W. Wynn. Blood sugar 
levels and the behavior pattern of young 
healthy adults several hours after the 
ingestion of large amounts of sucrose, 
263. 

Hamilton, A. S., W. M. Parkins and F, 
Waltzer. a comparison of ten infu- 
sion fluids in the treatment of moderate 
and severe hemorrhage in animals, 641. 

Hasiilton, W. F. See Remington and 
Hamilton, 292. 

Hardenbergh, E. Sec Brauer and Haru- 
ENBERGH, 746. 

HARPunER, K., J. Byer and I. D. Stein. 
The effect of intra-arterial injection of 
adrenalin upon blood flow of the human 
forearip, 181. 

Harris, A, S. and W. P. Matlock. The 
effects of anoxemic anoxia on excita- 
bility, conduction and refractoriness of 
mammalian cardiac muscle, 493. 

Haynes, P. W. and L. Dexter. Renin, hy- 
pertensinogen and hypertensinase con- 
centration of blood of dogs during the 
development of hypertension by con- 
striction of the renal artery, 190. 

, and R. E. Seibel. Renin con- 
tent of renal venous blood of normal and 
hypertensive patients at rest, 198. 

Heagan, B. S. See Miller, Heagan and 
Taylor, 1. 

Heart — blood flow in interauricular septal 
defect, 267. 

, evaluation of work of, 292. 

, failing, energy-rich phosphate supply 

of, 733. 

muscle, effects of anoxemic anoxia on, 

493. 

■ injury, electrical signs of, 572. 

size and function in semi-starvation 

and rehabilitation, 153. 

Heart. See Cardiac. 

Heat, radiant, sweat gland responses to, 365. 

Helmer, O. AI. and R. E. Shipley. Re- 
covery of a pressor principle from the 
blood plasma of cats given kidney ex- 
tracts, 353. 

Hemorrhage, infusion fluids in treatment of, 
641. 

Henschel, a., 0. Mickelsen, H. L. Taylor 
and A. Keys. Plasma volume and thio- 


cyanate space in famine edema and 
recovery, 170. 

. Sec Keys, Henschel and Taylor, 

153. 

Heparin, effect of, on ischemic compression 
shock, 697. 

Hcpatcctomy, blood uric acid and allantoin 
after nephrectomy and, 077. 

Herbivora, depancreatized, action of insulin 
in, 46. • • ' 

Hertzman, a. B., W. C. RANDALLand K. E. 
JocniM. Relations between cutaneous 
blood flow and blood content in the 
finger pad, forearm and forehead, 122. 

Himmelstein, a. Sec Cournand, Motley, 
IIiMMELSTEiN, Dresdale and Bai.d- 
win, 267. . • .= 

. Sec Motley, Cournand, Werko, 

Himmelstein and Dresdale, 315. . ■ 

Hines, II. M. Sec Kemp, Tuttiai- and 
Hines, 705. .u:;.- 

Histamine excretion in parathyroidccto- 
mized dogs, 420. 

Honorato, R. The plasmatic cofaator of 
thromboplastin: its adsorption! • iVi’Rh 
prothrombin and fibrinogen, by itluininn 
and tricalcium phosphate gcls,:SSl. 

and A. J. Quick. The relation of 

fibrinogen, to the coagulationj faptor 
which diminished in stored pla^i^a, 405. 

Hormone, lactogenic, specificity ofy394<. 

Hormones, growth and adrenocorticjciiropic, 
effect of, on urine in diabetes, 400. 

, steroid, bioassay of, 444. 

Horvath, S. M., A. Freedman and H. 
Golden. Acclimatization to .ej^treme 
cold, 99. 

Hurst, V. and C, W. Turner. The thyroid 
secretion rate of growing and pjature 
mice, 686. 

Hyperglycemia from action of adrenalin on 
central nervous system, 688. : 

Hypertension, relation of renin to, 190. 

Hyperthyroidism, effect of, on genital struc- 
ture and function, 95. 

Hypophysial stalk extirpation, insulin tol- 
erance and adrenal cortex after, 222. 

Hypoxia, effect of adrenalin on blood sugar 
and, 321. 

JNFXJSION, fluids, efficacy of, in burn 
shock, 428. 

in treatment of hemorrhage, 641. 



774 


INDEX 


Ingle, D, J., M. C. Prestrud and J. E. 
Nezamis. The effect of insulin upon 
the level of blood amino acids in the 
eviscerated rat as related to the level 
of blood glucose, 682. 

, , and M. H. Kuizenga. Ef- 
fect of adrenal cortex extract upon the 
tolerance of the eviscerated rat for 
intravenously administered glucose, 
423. 

Injury, explosive decompression, 607. 

Innervation, re-, spontaneous, in paretic 
muscles, 670. 

Insulin, action of, in depancreatized herbi- 
vora, 46. 

, effect of, on blood amino acids, 682. 

tolerance after hypophysial stalk ex- 
tirpation, 222. 

Intestinal absorption of saline, blood pres- 
sure and, 466. 

Intestine, small, absorption of chloride 
from, carotid sinus and, 149. 

Irby, V. See Albanese, Irby, Frankston 
and Lein, 389. 

Ischemic compression shock, 693, 697, 700. 

I\"Y, A. C. See Annegers and Ivy, 461. 

. See Bucher and Ivy, 415. 

JOCHIM, K. E. See Hertzm an, Randall 
and JocHiM, 122. 

John, E. S. See Patt, Swiet, Tyree and 
John, 480. 

J^ATZ, L. N. See Mack, Grossman and 
Katz, 654. 

ICaulbersz, j., T. L. Patterson, D. J. 
Sandwbiss and H. V. Saltzste'in. Al- 
terations in urogastrone excretion pro- 
duced by extirpation of various endo- 
crine glands, 373. 

Keller, A. D. and C. G. Breckenridge. 
Retention of normal insulin tolerance 
and adrenal cortex after extirpation of 
the hypophysial stalk in the dog, 222. 

Kemp, C. R., W. W. Tuttle and H. M. 
Hines. Studies on the temperature 
characteristics, blood flow and activity 
in normal and denervated limbs of the 
dog, 705. 

Keys, A., A. Henscuel and H. L. Taylor. 
The size and function of the human 
heart at rest in semi-starvation and in 
subsequent rehabilitation, 153. 


. See Hbnschel, Mickelsen, Taylor 

and Keys, 170. 

Kidney, liver and, effect of adrenal cortex 
extract on, 580. 

, rabbit, glomerular activity in, 523. 

, role of, in resistance to ischemic com- 

nression, shock, 700. 

Kline, R. F. See Britton, Pertzoff, 
French and Kline, 7. 

Kochakian, C. D. See Vail and Kocha- 
rian, 580. 

Korr, I. M. See Denslow, Korr and 
Krems, 229. 

Krems, a. D. See Denslow, Korr and 
Krems, 229. 

Kuizenga, M. H. See Ingle, Prestrud, 
Nezamis and Kuizenga, 423. 

Lactation, induction of, during preg- 
nancy, 394. 

Lactogenic hormone, specificity of, 394. 

Langham, W. and R. G. Gustavson. Effect 
of level of thyroid activity on response 
of ovariectomized rats to estrone, 760. 

Larsen, E. M. The fatigue of standing, 
109. 

Layton, A., M. W. Morgan, Jr. and J. M. 
D. Olmsted. Refractive changes pro- 
duced by injection of fluids into the 
vitreous humor, 568. 

Leimdorfbb, a., R. ArKna and M. H. 
Hack. Hyperglycemia induced by the 
action of adrenalin on the central nerv- 
ous system, 588. 

Lein, M. See Albanese, Irby, Frankston 
and Lein, 389. 

Levine, R. See Cohn, Levine and 
Streicher, 299. 

Li, C. H. See Bennett and Li, 400. 

Lipton, E. L., a. B. Denison and H. D. 
Green. Ischemic compression ^hock; 
influence of body temperature and of 
tempera'ture of traumatized tissues, 693. 

Liver and kidney, effect of adrenal cortex 
extract on, 580. 

glycogen stores, effect of discontinuous 

chronic anoxia on, 65. 

, removal of intravenously injected BSP 

from, 299. 

Longevity, effects of caloric restriction on, 
511. 

Lungs, distensibilitj’ of, pulmonary conges- 
tion and, 654. 



INDEX 


775 


]yjACK, I., M. GnossMAN and L. N. Katz. 

The effect of pulmonarj' vascular con- 
gestion on the distensibility of the 
lungs, 654. 

hlAES, J. P. See Forstek and Maes, 534. 

Mason, G. D. See Brunish, McWinniAAts, 
Mason, Adaais and Ershoff, 551. 

hlATLOcK, W. P. Sec H.vrris and Matlock, 
493. 

McCarthy, M. D. and W. M. Parkins. 
Comparative effectiveness of albumin, 
globin, hemoglobin, gelatin, oxypolj’- 
gelatin, saline. Ringer’s, blood and 
plasma upon the survival of rats sub- 
jected to standardized scald burns, 42S. 

McWilli.’Uus, H. B. See Brunish, McWil- 
LiAAis, Mason, Adams and Ershoff, 
551. 

Meites, J. and C. W. Turner. The induc- 
tion of lactation during pregnane}' in 
rabbits and the specificity of the lacto- 
genic hormone, 394. 

Mickelsen, 0. See Henschel, Mickel- 
SEN, Taylor and Keys, 170. 

Miller, R. A., B. S. Heagan and C. B. 
Taylor. The oxygen content of arte- 
rial blood in dogs breathing air at low 
barometric pressures, 1. . 

Misrahy, G. and S. Salama. The alleged 
excretion of histamine in parathyroid- 
ectomized dogs, 420. 

Morgan, M. W., Jr. See Layton, Morgan 
and Olmsted, 56S. 

Moses, C. An experimental study of intra- 
muscular pressure measurements, 488. 

Motley, H. L., A. Cournand, L. Werko, 
A. Himmblstein and D. Dhesdale. 
The influence of short periods of in- 
duced acute anoxia upon pulmonary 
artery pressures in man, 315. 

. See Cournand, Motley, Himmel- 

STEiN, Dresdale and Baldwin, 267. 

Motoneuron pools, human,' facilitation in, 
229. 

Munro, F . L. See Munro and Munro, 409. 

Munro, M. P. and F. L. Munro. The re- 
versible inactivation of prothrombin: 
a factor responsible for its partial reac- 
tivation, 409. 

Murphy, R. C. See Guest, Murphy, Bod- 
nar, Ware and Seegers, 471. 

Muscle glycolysis, effect of alloxan on, 613. 

, heart, effects of anoxemic anoxia on, 
493. 


injury, heart, electrical signs of, 572. 

, skeletal, temperature, blood flow and 

activilj' in, 705. 

Muscles, paretic, spontaneous re-innerva- 
tion in, 670. 

, reflex responses of, to pressure, 229, 

, wrist, activity of, 596. 

Muscular, intra-, pressure measurements, 
488. 

J^ARCOTICS, effects of, on nervous struc- 
tures, 541. 

Nephrectomy and hepatectomy, blood uric 
acid and allantoin after, 677. 

Nerve action potential, effect of Trifurus 
toxin on, 325. 

, sciatic, clectrom 3 'ographic studies on, 

558. 

Nervous structures, effects of narcotics on, 
541. 

system, central, hyperglycemic action 

of adrenalin on, 588. 

Neural relationship to muscle, 229. 

Neurones, spiral , action of adrenaline on, 37. 

Newton, M. See Spealman, Nerton and 
Post, 628. 

Nezamis, j. E. See Ingle, Prestrud and 
Nezamis, 682. 

. See Ingle, Prestrud, Nezajhs and 

Kuizenga, 423. 

Northup, D. W. See Stickney, Northup 
and Van Liere, 466. 

. See V.AN Liere, Stickney and 

Northup, 149. 

QLMSTED, j. M. D. See Layton, Mor- 
gan and Olmsted, 568. 

OsTBR, R. H. and D. C. Smith. The influ- 
ence of adrenalin on blood sugar and 
resistance to hypoxia in the nerabutal- 
ized cat, 321. 

Otis, A. B. See Rahn and Ons, 202. 

Ovarian dysfunction, pituitary and, in 
diabetes, 84. 

Ovariectomy, thyroid activity and response 
to estrone after, 760. 

Oxygen, altitude and exercise, effect of, on 
breath-holding time, 142. 

— content of arterial blood at low baro- 
metric pressures, 1. 

in bone marrow blood, relation of, to 

erythropoieses, 618. 



776 


INDBX 


Parkins, W. M. See Hamilton, 
Pakkins and Waltzer, 641. 

. See McCarthy and Parkins, 428. 

Patt, H. M., M. N. Swift, E. B. Tyree and 
E. S. John. Adrenal response to total 
body x-radiation, 480. 

Patterson, T. L. See Kaulbersz, Pat- 
terson, Sandweiss and Saltzstein, 
373. 

Pertzoff, V. A. See Britton, Pertzoff, 
French and Kline, 7. 

Phosphate supply, energy-rich, of failing 
heart, 733. 

PiLHORN, H. R. See Bischoff and Pil- 
HORN, 444. 

Pillion, E. L. See Ferris, Forster, Pil- 
lion and Christensen, 304, 

Pituitary and ovarian dysfunction in dia- 
betes, 84. 

growth hormone, effect of, on urinary 

glucose and nitrogen in diabetes, 400. 

Plasma, chick, antifibrinolysin in, 661. 

factor, blood pressure and leucopenia, 

471. 

volume and thiocyanate space in fam- 
ine edema, 170. 

Plasmatic cofactor of thromboplastin, 381. 

PoLLEY, J. R. See Friedman, Polley and 
Friedman, 340. 

Post, R. L. See Spealman, Newton and 
Post, 628. 

Posture, effect of temperature and, on blood 
volume, 628. 

Potassium-deficient diet, effects of adding 
boron to, 520. 

Pregnancy, induction of lactation during, 
394. 

Prestrud, M. C. See Ingle, Prestbhd 
and Nezamis, 682. 

. See Ingle, Prestrud, Nezamis and 

Kuizenga, 423. 

Protein, plasma, physiological effects of, 
471. 

Prothrombin, reversible inactivation of, 
409. 

, stability of, 58. 

Pteroylglutamic acid deficiency, antifibrino- 
lysin activity during, 661. 

Pulmonary artery pressures, effect of acute 
anoxia on, 315. 

blood flow in interauricular septal 

defect, 267. 

congestion and distensibility of lungs, 

654. 


Pulse, femoral arterial, in hemorrhagic 
shock, 272. 

Q UICK, A. J. See Honorato and Quick, 
^ 405. 

RAHN, H. and A. B. Oris. Alveolar air 
during simulated flights to high alti- 
tudes, 202. 

Ralston, H. J., A. N. Taylor and H. W. 
Elliott. Further studies on stream- 
line blood flow in the arteries of the 
cat, 52. 

Randall, W. C. Local sweat gland activ- 
ity due to direct effects of radiant heat, 
365. 

. See Hertzman, Randall and Jo- 

chim, 122. 

Raymond, W. B. See Rislby, Raymond 
and Barnes, 754. 

Reflex mechanism, carotid sinus cardio- 
vascular, 712, 722. 

Remington, J. W. and W. F. Hamilton. 
The evaluation of the work of the heart, 
292. 

Renal circulation, blood pressure flow stud- 
ies on, 534. _ 

clearance of inulin and sodium p- 

aminohippurate, 340. 

function in rabbit, 523. 

humoral pressor mechanism in man, 

198. 

Renin content of renal venous blood, 198. 

, relation of, to hypertension, 190. 

Reproductive capacity, effects of caloric re- 
striction on, 511. 

Respiratory failure, acute, carotid-man- 
dibular reflex in, 358. 

patterns in laboratory animals, 78. 

volumes of laboratory animals, 70. 

Reynolds, 0. E. The effect of discontinu- 
ous chronic anoxia on liver glycogen 
stores, 65. 

Richter, K. M. and C. A. Winter. -4 
quantitative study of the effect of hy- 
perthyroidism on genital structure and 
function, 95. 

Risley, E. a., W. B. Raymond and R. H. 
Barnes. The use of the Shay rat in 
studying anti-ulcer substances, 754. 
Rodbard, S. Relationship between body 
temperature and blood sugar in the 
chicken, 67. 



INDEX 


777 


Rodba-rd, S.. Studies on llic recurrence 

' . . I 

of decompression sickness on^ re-ascent 
to high altitudes, 133. 

. The cfTect of oxj'gen, altitude and 

exercise on breath-holding time, 142. 

Root, 1Y. S. See GR,f,N'T and Root, CIS. 

gAL.\M.\.^S. See Misr.aht and Salama, 
420. 

S.ALTZSTEIN, H. C. SCC K.AUI.BERSZ, PAT- 
TERSON, S.vNmvEiss and Saetzstein, 
373. 

Sandweiss, D. -T. See K.auebersz, Pat- 
terson, S.ANBR'BISS and Saetzstein, 
373. 

SCHEICIITER, J. G. Sec WlEBURNE, 
ScHLicHTER, Grossm.an and Cisneros, 
504. 

Sciatic nerve, electromyographic studies on, 
558- 

Seegers, W. H. Sec Ge-est, Murpht, 
Bodnar, IV.are and Seegers, 471. 

. See Guest, Ware and Seegers, 601. 

. See Ware, Guest and Seegers, 5S. 

Seibee, R. E. See H.aynes, Dexter and 
Seibee, 198. 

SinPLET, E. G. and K. S. D.vneey. Pi- 
tuitary and ovarian dysfunction in ex- 
perimental diabetes, 84. 

Shipley, R, E. See Heemer and Shipley, 
353. 

Shock, blood-borne vasotropic substances 
in, 239. 

, burn, efficacy of infusion fluids in, 428. 

, hemorrhagic, femoral arterial pulse 

in, 272. 

, ischemic compression, 693, 697, 700. 

Siegel, P. S., I. E. Alexander and H. L. 
Stuckey. The change in specific grav- 
ity of the blood plasma of the rat during 
severe water privation, 729. 

Skeletal muscle, temperature, blood flow 
and activity in, 705. 

Skin, blood flow and content of, 122. 

Sleep, fatigue due to deprivation of, 253. 

Smith, D. C. See Oster and Smith, 321. 

Spe.^lman, C. R., M. Newton and R. L, 
Post. Influence of environmental tem- 
perature and posture on volume and 
composition of blood, 628. 

Spinal neurones, action of adrenaline on, 
37. 

Starvation, semi-, and rehabilitation, heart 
size and function in, 153. 


Stavr.aky, G. W. The action of adrenaline 
on spinal neurones sensitized by partial 
isolation, 37. 

Stein, I. D. Sec Harpudbr, Bthr and 
Stein, ISl. 

Steroid hormones, bioassay of, 444. 

Stickney, J. C., D. W. Northup and E. J. 
V.AN Liere. Systemic blood pressure 
as a factor in the absorption of saline 
from the small intestine, 466. 

. Sec Van Liere, Stickney and 

Northup, 149. 

Streicher, D. See Cohn, Levine and 
Streicher, 299. 

Stuckey, H. L. See Siegel, .Alex.a.ndhr 
and Stuckey, 729. 

Sucrose, blood sugar levels after ingestion 
of, 263. 

Sweating responses to radiant heat, 365. 

Swift, M. N. See Patt, Swift, Tyree 
. and John, 480. 

'Y’AYLOR, a. N. See Ralston, Taylor 
. and Elliott, 52. 

Taylor, C. B. See Miller, Heagan and 
Taylor, 1. 

Tatlor, H. L. See Henschel, Mickelsen, 
Taylor and Keys, 170. 

. Sec Keys, Henschel and Taylor, 

153. 

Temperature and posture, effect of, on 
blood volume, 628. 

, blood, and peripheral vascular flow, 

304. 

, blood flow and activity in skeletal 

muscle, 705. 

, body, and blood sugar in the chicken, 

67. 

, , effect of, on ischemic compres- 
sion shock, 693. 

, environmental, effect of, on food selec- 
tion, 329. 

Thiocyanate space, plasma volume and, in 
famine edema, 170. 

Thromboplastin, plasmatic cofactor of, 381. 

Thjuoid activity and response to estrone 
after ovariectomy, 760. 

secretion rate of mice, 686. 

Thyroidectomy, para-, histamine e.xcretioii 
after, 42. 

Thyroxine, effect of, on food selection and 
intake, 334. 

Toxin, TYiiurus, effect of, on action poten- 
tial, 325. 



778 


INDEX 


Tschihgi, E.. D. and R. W. Gerard. The 
carotid-mandibular reflex in acute res- 
piratory failure, 358. 

Turner, C. W. See Hurst and Turner, 

686 . 

. See Meites and Turner, 394. 

Turner, R. S. and F. A. Fuhrman. Modi- 
fication of the action potential of 
amphibian nerves by Triturus em- 
bryonic toxin, 325. 

Tuttle, W. W. See Kemp, Tuttle and 
Hines, 705. 

Tyler, D. B. The effect of amphetamine 
sulfate and some barbiturates on the 
fatigue produced by prolonged wake- 
fulness, 253. 

Tyree, E. B. See Patt, Swift, Tyree and 
John, 480. 

Ulcer, anti-, substances, study of, 
in Shay rat, 754. 

Uric acid, blood, after nephrectomy and 
hepatectomy, 677. 

Urinary amino acid, effect of carbohydrate 
feeding on output of, 389. 

glucose and nitrogen in diabetes, effect 

of hormones on, 400. 

Urine, loss of uropepsin from, after gastrec- 
tomy, 415. 

Urogastrone excretion after extirpation of 
endocrine glands, 373. 

Uropepsin, loss of, from urine, after gastrec- 
tomy, 415. 

'Y'^AIL, V. N. and C. D. Kocharian. The 
effect of adrenalectomy, adrenal corti- 
cal hormones, and testosterone pro- 
pionate plus adrenal cortical extract on 
the “alkaline” and “acid” phosphatases 
of the liver and kidney of the rat, 580. 

Van Harreveld, A. Effect of ether and 
pentobarbital on the polarisation state 
of central nervous elements, 541. 

. On the mechanism of the “spon- 
taneous” re-innervation in paretic 
muscles, 670. 

Van Liere, E. J., J. C. Stickney and D. W. 
Northup. The effect of stimulation of 
the carotid sinus region on absorption 
of chloride from the small intestine, 149. 

. See Stickney, Northup and Van 

Liere, 466. 

VisscHBR, M. B. See Ball, Barnes and 
ViSSCHER, 511. 


Vitamin imbalance in reduced caloric in- 
take, 551. 

Vitreous humor, refractive changes from 
injection of fluid into, 568. 

VoNOTZKY, J. See Donhoffer and Vo- 
NOTZKY, 329, 334. 

"^^AKEPULNESS, prolonged, 253. 

Walker, S. M. Observations on the 
action potentials induced by indirect 
stimulation of skeletal muscle in des- 
o.xycorticosterone acetate-treated rats 
on a low potassium diet, 451. 

Waltzer, F. See Hamilton, Parkins and 
Waltzer, 641. 

Wang, S. C. and H. L. Borison. An 
analysis of the carotid sinus cardio- 
vascular reflex mechanism, 712. 

. Decussation of the path- 
ways in the carotid sinus cardiovascular 
reflex; an example of the principle of 
convergence, 722. 

Ware, A. G., M. M. Guest and W. H. 
Seegers. Stability of prothrombin, 
58. 

. See Guest, Murphy, Bodnar, Ware 

and Seegers, 471. 

. See Guest, Ware and Seegers, 661._ 

Water privation, specific gravity of blood 
plasma in, 729. 

Webb, E. A. See Alexander and Webb, 
272. 

Wbrko, L. See Motley, Cournand, 
Werko, Himmelstein and Dresdale, 
315. 

WiLBURNE, W., J. G. ScHLICHTBR, M. 
Grossman and P. Cisneros. The use 
of acetylcholine in the objective de- 
termination of circulation time and the 
fractionation of the vascular bed trav- 
ersed, 504. 

Winter, C. A. See Richter and Winter, 
95. 

Wollenberger, a. On the energy-rich 
phosphate supply of the failing heart, 
733. 

Wrist muscles, activity of, 596. 

Wynn, W. See Haldi and Wynn, 263. 

X-RADIATION, total body, adrenal 
response to, 480. 

2^WEIFACH, B. W. See Chambers and 
ZWEIFACH, 239. 




